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ABSTRACT 
Photoelectrochemical (PEC) water splitting makes direct use of solar energy 
incident on semiconductor photoelectrodes, and it is a convenient, economic option to 
produce high purity hydrogen at low temperatures. The use of multiple light absorbers 
can increase overall solar energy utilization and provide a solution to the trade-off 
between overall band gap and band edge positioning of photoelectrodes specific to solar 
water oxidation and water reduction. The study of non-noble metal based catalysts for 
hydrogen evolution reaction (HER) and oxygen evolution reactions (OER) are essential 
for economic practical commercialization of photo-electrolyzers. This dissertation 
focuses on the use of a variety of non-noble transition metal chalcogenide based 
heterogeneous co-catalysts, and solution based water redox catalysts immobilized in 
polyoxometalate (POM) ensembles for water splitting in single and multiple absorber 
based systems. With a brief discussion on background and literature review in Chapter I, 
Chapter II reports PEC studies on TiO2 photoanode in contact with solution-phase nickel-
POM co-catalyst viz. K10H2[Ni5(OH)6(OH2)3(Si2W18O66)]•34H2O (Ni5-POM) for water 
oxidation, whereas Chapter III presents PEC studies on CuxSe photocathode using cobalt-
POM co-catalyst viz. [Co9(OH)3(H2O)6(HPO4)2(PW9O34)3]
16-
 (Co9-POM) for water 
reduction. Chapters IV focuses on the use of electrodeposited transition metal selenide 
based co-catalysts for solar water reduction with Cu2O photocathodes, and Chapter V 
demonstrates the results of solar water oxidation using transition metal phosphide and 
selenide based co-catalysts electrodeposited on Fe2O3 and BiVO4 photoanodes. UV-Vis 
spectroscopy, scanning electron microscopy, and energy dispersive energy diffraction 
(EDX) were used for characterization of photoelectrodes and heterogeneous co-catalysts. 
 iii 
Synthesized metal-POMs were characterized using FT-IR and mass spectrometry. PEC 
measurements conducted under simulated solar irradiation provided evidence of 
significantly increased photocurrents, lowered onset potential and increased electron-hole 
separation in the presence of co-catalysts. Production of oxygen during solar water 
oxidation was verified with a dissolved oxygen sensor, and the stability of 
photoelectrodes were examined with multi-potential step experiments. An approximate 
10 times increase in photocurrent (i.e., from ~0.008 to 0.08 mA/cm2) was observed under 
zero biased water splitting at TiO2 photoanodes upon the addition of Ni5-POM co-catalyst 
to the electrolyte solution. A maximum water reduction photocurrent of ~ 2 mA/cm2 at -
0.45 V vs Ag/AgCl was observed from Cu2O photocathodes with electrodeposited MnSe 
as water reduction co-catalyst. In Chapter VI, multiple-absorber configurations based on 
the above studied metal oxide photoanode/photocathode and a commercially available 
amorphous Si triple junction (3 jn Si) photoanode with Ni- or Co-POM solution-phase 
co-catalysts or heterogeneous transition metal chalcogenide co-catalysts are presented. 
The maximum zero bias photocurrents of -3.60 and -0.60 mA/cm2 were observed from 
the tandem cells of 3 jn Si/Ni5-POM [photoanode] : FTO/Cu2O-MnSe [photocathode] 
and FTO/TiO2/Ni5-POM [photoanode] : FTO/Cu2O-MnSe [photocathode] water splitting 
systems, respectively. As of date, there have been limited studies on the use of non-noble 
metal POMs and chalcogenide based catalysts for PEC water splitting, and the large 
unbiased photocurrents obtained from this dissertation with respective to those shown in 
recent literature are clearly promising. Hence, the present studies provide a useful insight 
into the investigation of more efficient and commercially viable tandem water splitting 
systems in the future as discussed in Chapter VII. 
 iv 
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 1 
CHAPTER I – BACKGROUND AND LITERATURE REVIEW 
1.1 Fundamentals of Photoelectrochemistry 
1.1.1 Energy Levels in Semiconductors 
The energy levels in semiconductors are dense and form broad energy bands 
instead of discrete molecular orbital energy levels. Solid state semiconductors have two 
distinct energy bands viz. the valance band (VB) and the conduction band (CB). The VB 
is the lower energy level that is occupied, whereas the CB is the higher energy level that 
is primarily empty. The distance between VB and CB is called the energy band gap (Eg) 
and it is equivalent to the energy required to excite electrons from the VB to CB. The 
Fermi level (EF) is the energy between the VB and the CB, at which there is a 50% 
probability of finding an electron. It can be equated to the electrochemical potential in a 
particular phase. 
Two kinds of electronic charge carriers are possible in the case of 
semiconductors. In the event of electron excitation from the VB to CB, a vacancy or hole 
is created in the VB. This results in an equal number of oppositely charged carriers in the 
case of intrinsic semiconductors, and the Fermi Level lies in the middle of the energy 
band gap, as shown in Figure 1.1 (a). 
In the case of extrinsic semiconductors, addition of altervalent impurities (doping) 
leads to an uneven number of electrons and holes, resulting in the formation of majority 
and minority charge carriers. Extrinsic semiconductors in which electrons are the 
majority charge carriers are called “n-type”, whereas those that have positive charges or 
holes as the majority charge carriers are called “p-type. In addition to doping, extrinsic 
semiconductors can also be formed due to non-stoichiometry and other factors such as 
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crystal defects and trap states. The Fermi level EF lies close to the CB and VB edge for n-
type and p-type extrinsic semiconductors respectively, as shown in Figures 1.1 (b) and 
1.1 (c). 
 
Figure 1.1 Energy bands in (a) intrinsic (b) n-type and (c) p-type semiconductor. 
1.1.2 The Semiconductor-Electrolyte Interface 
The formation of space charge is key feature of semiconductors, and plays an 
important role in energy conversion devices where efficient separation of photogenerated 
electrons and holes is crucial.  Figure 1.2.1 depicts the band energetics for an n-type 
semiconductor in contact with aqueous electrolyte. When a semiconductor electrode is 
placed in solution, there arises a difference in energy between the fermi level of the 
semiconductor and electrochemical potential of the electrolyte solution (Eo(H2O/O2)). 
This results transfer of charge between them until equilibrium is established. As a result 
of charge flow, the electrode has excess positive charge over the depletion layer of width 
W, and the solution has an excess negative charge across a much narrower Hemholtz 
layer close to the electrode. 
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Figure 1.2 Band energetics in an n-type semiconductor (Obtained with permission from 
Ref. 1) 
Upon light illumination, the production of photogenerated charge carriers leads to 
a non-equilibrium population of electrons and holes. This results in the formation of quasi 
fermi levels EF,n for electrons and EF,p for holes.  The difference between EF,n and 
(Eo(H2O/O2)) is the photogenerated voltage (Vph) for the n-type semiconductor. The 
electric field created causes the photo-generated free minority carriers (holes) to move 
into solution, where they can take part in redox reactions. Hence, n-type semiconductors 
are typically used as photoanodes. p-type semiconductors are similar but behave in an 
inverse manner, and are used as photocathodes. An ideal photoelectrochemical system 
will have to be designed in such a way that the photogenerated charge carriers are 
effectively separated to take part in redox reactions (water electrolysis in the case of this 
work). 
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1.2 Solar Hydrogen Economy and Photoelectrochemical Water Splitting 
1.2.1 Global Energy Crisis and Solar Hydrogen Economy 
The provision of sufficient alternate energy to meet up with living standards in the 
wake of rapid fossil fuel consumption is one of the foremost present day scientific 
challenges. A 30 terawatt (TW, 1012 W) global power necessity to provide for a 
population of 7 billion people by the year 2050 has been estimated,2-3 and conventional 
fuel sources such as coal, oil, and natural gas have been predicted to deplete completely 
within the next 150 years. Moreover, as stated by the international energy agency the 
production of conventional oil has already peaked by the year 2006.4 
In terms of global power generating capacity, solar energy ranks the highest 
amongst all sustainable energy sources with a potential to deliver over 20 TW.5-6 
However, solid state photovoltaics faces challenges related to intermittent nature of solar 
power and area requirements for grid based storage.7-8 Thus, the storage of chemical 
energy in the form of fuel is a viable option.9-12 
 
Figure 1.3 Solar H2 economy (Obtained with permission from Ref. 21). 
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Hydrogen stands at the foremost amongst all conventional fuels, having the 
highest volumetric energy density,5-6 in addition to being a non-carbon energy source. 
Hence, it has been globally accepted as an emerging future power source with a latent 
potential to deliver more than 50% of the world’s energy need by the year 2050. 
There are several methods13-14 that are being pursued for solar to hydrogen 
conversion, such as photovoltaic electrolysis,15 thermochemical conversion,16-17 
photobiological hydrogen production,18-19 and PEC water splitting.12, 20 
Photoelectrochemistry combines the abundance of solar energy with the low temperature, 
controlled and localized nature of electrochemical process design, offering an effective 
platform for the production of hydrogen from water, which is one of the earth’s most 
abundant natural resources. Electrochemically produced molecular hydrogen is in its 
purest form available, rendering it the best fuel and process gas of choice for fuel cell and 
industrial applications. Hence, it is the best choice for development of a cyclic solar 
hydrogen economy21 (Figure 1.3) in future integrated solar water electrolysis-fuel cell 
systems, beginning with the splitting of water (in photoelectrolyser) and ending with 
generation of electricity and regeneration of water (in fuel cell). 
1.2.2 PEC Water Splitting 
PEC water splitting is a versatile strategy for the direct solar to hydrogen 
conversion at room temperature.12 At the heart of the system is the semiconductor 
electrode which absorbs solar photons resulting in the formation of separated interfacial 
electron hole pairs. Holes are utilized for oxidation of water in the anodic half cell (Eq. 
1.1), whereas electrons reduce water to form hydrogen at the cathode (Eq. 1.2). Figure 
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1.4 depicts a PEC water splitting cell with a semiconductor photoanode and metal 
cathode. 
2H2O + 4h
+ → O2 + 4H
+          E = 1.23 V vs NHE    (1.1) 
4e− + 4H+ → 2H2                    E = 0 V vs NHE (1.2) 
As seen from Eqs. 1.1 and 1.2, the PEC splitting of water has a standard potential 
of 1.23 V vs NHE. This potential, however, does not account for added “overpotential”, 
which is the addition potential barrier arising from activation, concentration, and ohmic 
barriers. Thus under real conditions, the potential required for the splitting of water is in 
the range of 1.9-2 V.12, 20 
In an ideal PEC system, the electrochemical bias for water splitting is provided by 
potential arising from photogenerated charge carrier generation and separation at the 
semiconductor electrolyte interface. However, this pursuit has been in progress for four 
decades.11, 20, 22-24 
 
Figure 1.4 Photoanode/metal cathode water splitting cell. 
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1.2.3 Solar Water Splitting Approaches 
1.2.3.1 The Single Absorber-Two Photon Approach 
The single absorber with two photon (S2) approach is the most well explored 
strategies for solar water splitting.20, 25 This strategy works on the concept that a single 
light absorber (photoanode or photocathode) absorbs two photons, resulting in the 
formation of one molecule of H2. In other words, each photon absorbed is assumed to 
produce an electron-hole pair, and four electron-hole pairs are required for water splitting 
to generate one molecule of O2 and two molecules of H2. A number of comprehensive 
reviews have been published that discuss the splitting of water using single photoanodes 
or photocathodes.20, 24, 26 
Figure 1.5 provides the overall scheme for S2 water splitting in a 
photoanode/metal cathode system, where the excitation of the photoanode produces 
electron-hole pairs. While holes are utilized for water oxidation, electrons are transported 
to metal cathode for hydrogen evolution. The molecular mechanism of water splitting on 
semiconductor photoanodes has been a subject of contrasted scientific views. However, it 
has been generally accepted that the reaction proceeds through nucleophilic attack of 
water molecules on surface trapped holes at the photoanode surface.27-28 This dissertation 
will not focus on molecular mechanisms, and place more emphasis on design efficient 
systems for photon absorption, carrier generation, and charge transport for PEC water 
splitting. 
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Figure 1.5 S2 water splitting scheme. 
On the outset, this approach would seem versatile, since the standard potential of 
water splitting is 1.23 V vs NHE on a thermodynamic standpoint, which could be 
effectively transgressed by any light absorber having an optical band gap greater than 
1.23 eV. However, the real scenario is complicated by a diverse variety of factors, which 
include (1) Availability of semiconductor light absorbers whose Fermi levels cross both 
hydrogen evolution and oxygen evolution potentials, yet do not fall in visible absorption 
range (Figure. 1.6)29, (2) Lack of photostability in band edge favourable light absorbers, 
(3) Higher energy to be provided for water splitting by single absorbers systems due to 
overpotential losses, and light absorption losses from chemical potential of excited state 
Δμex26 being lesser than band gap Eg (Δμex = 0.75Eg for standard solar intensities30), and 
(4) Narrow and inefficient utilization of energy from the solar spectrum. 
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Figure 1.6 Energy gaps of light absorbers (Obtained with permission from Ref. 29). 
Considering these realistic losses, the upper limit of solar fuel conversion using 
the S2 approach has been estimated as 11.6%,31 although achieving even 10% solar to 
hydrogen conversion efficiency (STH) appears to be difficult.32 Hence, one of the best 
future directions would be on the use of effective bio-mimetic catalysts for S2 approaches 
and make progress in the development of tandem and multiple-absorber systems. 
1.2.3.2 Multiple-Absorber Approaches for PEC Water Splitting 
Water splitting can be considered as a four-electron process, which requires the 
absorption of four photons per molecule of oxygen. If each light absorber can absorb two 
photons, the use of two absorbers will provide needed four photons for water splitting. 
The strategy that involves the use of two light absorbing semiconductors stacked or 
arranged side by side is known as the dual-absorber four photon (D4) approach.32 The use 
of multiple light absorbers  would increase the efficiency of solar to hydrogen conversion 
by increasing light absorption range and providing higher photogenerated energy bias for 
overall water splitting. In a typical wired photoanode/photocathode based D4 tandem 
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approach (Figure 1.7), the n-type semiconductor photoanode (with band gap Eg1) and p-
type photocathode (with band gap Eg2) are used in tandem. 
 
Figure 1.7 D4 water splitting scheme. 
 
Figure 1.8 Photoanode/Photocathode tandem cell scheme. 
The photoanode and photocathode can be adequately chosen so that their band 
edges cross the electrochemical potential for hydrogen or oxygen evolution. That is, the 
valance band of the photoanode must be below water oxidation potential (more positive) 
and conduction band of the photocathode must be above the potential (more negative) for 
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water reduction (Figure 1.7). As shown in Figures 1.7 and 1.8 with a top photoanode 
configuration, solar photons with energy greater than Eg1 are absorbed to evolve oxygen, 
and the rest are utilized by the bottom cell with band gap Eg2 for hydrogen evolution. A 
total of four electrons and holes are produced through simultaneous absorption of two 
photons from each light absorber. The Cu2O/BiVO4 tandem cell reported recently by 
Gratzel et al. is a classic example of the photoanode/photocathode type D4 water splitting 
cell.33 
1.3 Cocatalysts for Solar Water Splitting 
1.3.1 Role of Catalysts in PEC Water Splitting 
Catalysts play a vital role in enhancing the efficiency of solar to hydrogen 
conversion by PEC water splitting.3, 34-35 
Following are some of the advantages of using oxygen evolution reaction (OER) 
and hydrogen evolution reaction (HER) compounds: 
1. Reduction of kinetic activation overpotential for water oxidation and 
reduction. This increases onset voltage range and reduces onset potential, 
improving the probability of short circuit water splitting by a wide range of 
photocatalysts. 
2. Enhanced charge separation and prevention of electron-hole recombination 
through capture and utilization of charges by the catalyst for water oxidation 
and reduction. This, in turn leads to increased photocurrent in the presence of 
catalyst. 
3. Protection of semiconductor photoelectrodes against photocorrosion, 
improving their durability and lifetime. 
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In a PEC water splitting reaction, majority of required electrochemical potential 
bias for water splitting is provided by light absorption and charge separation on the 
semiconductor electrode surface. HER/OER reduces the electrochemical potential 
required for photocurrent onset and water splitting by the semiconductor by means of 
reducing the kinetic activation overpotential for the reaction. Due to reduced activation 
overpotential, the bias required for water splitting becomes closer to its theoretical value 
(~1.23 V), increasing the possibility for the semiconductor electrode to split water and 
generate photocurrent by itself without any externally applied potential. Since HER/OER 
catalysts reduce activation overpotential as a result of their reaction pathways, they are 
termed “electrocatalysts” in the fundamental sense. However, the semiconductor 
electrode itself may be basically considered as a photocatalyst in an ideal unassisted 
water splitting case, since it provides the complete activation energy/potential bias for 
water splitting. Considering this argument, the HER/OER catalyst has been referred to by 
the term “photoelectrocatalyst” or simply “catalyst” in certain reports, since it is a 
secondary catalyst and utilizes photogenerated electron-hole pairs from the photocatalyst 
for its water oxidation/reduction pathways. Due to its contribution to photocatalysis and 
also electrocatalysis, the OER/HER compound is alternatively quoted as “catalyst” or 
“electrocatalyst” in this dissertation. Both terms have been used in peer reviewed 
scientific literature on PEC water splitting systems.12, 36-39 
Pt has been the most studied and efficient industrial electrocatalysts for hydrogen 
evolution reaction, with its activity arising from near zero free energy of hydrogen atom 
adsorption.40-41,42 Similarly, IrO2
43-45 and RuO2
44, 46-48 have been the highest performing 
electrocatalysts for water oxidation reaction. However, the prohibitive cost of these noble 
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metal based catalysts necessitates the need for the development of alternate earth 
abundant non-noble metal based catalysts for water splitting. 
Present research on earth abundant catalysts for PEC water splitting focuses 
primary on the use of Ni, Mn, and Co based mono-metal oxides and hydroxides.3 This is 
due to their redox properties and stability comparable to noble metals. However, current 
reports on the use of these catalysts for PEC cells do not focus on mixed metal oxides or 
encapsulation in molecular architectures, strategies which could increase number of 
active sites in addition to reducing loading and improving stability. The photosystem II 
(PS II) mimic cobalt phosphate oxygen evolving compound (Co-OEC) has been used as 
an efficient self-healing catalyst or in conjunction with photoanodes for wireless or 
regular water splitting.39, 49 
This dissertation focuses on the use of transition metal chalcogenide based 
heterogeneous co-catalysts, and solution based water redox catalysts immobilized in 
polyoxometalate ensembles for water splitting, there are limited studies on their 
application in tandem water splitting cells. Sections below discuss the fundamentals and 
rationale behind each of these classes of materials. 
1.3.2 Polyoxometalates (POMs) 
Polyoxometalates (POMs) are transition metal oxoanion cluster frameworks 
linked by common oxygen atoms. They are generally composed of transition metal atoms 
(M) in their highest oxidation states, with heteroatoms (X = Si, P) that increase hydrolytic 
stability. These basic structures (Figure 1.9)50 can be modified by addition or removal of 
atoms for formation of defect sites (lacunary structure). 
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Figure 1.9 Keggin and Dawson heteropolytungstates. Black: tungsten, Red: oxygen, 
Green: heteroatom (Obtained with permission from Ref. 50).  
Previous research has been focused on the catalytic applications of POMs.51-55 
POMs can be efficient water splitting catalysts due to (1) facile reversible multi-electron 
transport kinetics within the POM architecture, (2) stabilization of active transition metal 
catalysts in their highest oxidation states within the POM architecture, which is an 
essential requirement for efficient water oxidation and reduction,55-59 (3) coordination of 
multi-metal cores, which effectively increases the number of active sites, and (4) absence 
of organic moieties in POMs employed, increasing their stability. 
 
Figure 1.10 Structure of Ru4POM (Obtained with permission from Ref. 60).  
 
Figure 1.10 denotes the structure of Ru4POM,
60 with a PS(II) mimic Ru core. 
Ru,57, 61-63 Co,64-67 and Ni68 based POMs have been employed for photochemical and 
electrocatalytic water oxidation, providing proof of concept to the prediction that they 
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could be effective electron and hole utilization agents for both water oxidation and water 
reduction catalysis. However, such systems are not practically feasible in the long run for 
solar water splitting due to oxidative quenching of the photosentizer over time and 
necessity for gas separation due as a result of the non-localized process. 
The use of POM based water redox catalysts as functional catalysts in PEC and 
tandem PEC water splitting has rarely been pursued, and immobilization of POM 
catalysts on semiconductor based photoanodes and photocathodes for study of PEC 
properties itself is extremely rare to the best of our knowledge.  Hence, this dissertation 
aims to study the photoelectrochemistry tandem and stand-alone of photoanodes and 
photocathodes in conjunction with homogenous and photoelectrode immobilized 
transition metal substituted POMs for solar water splitting. Particular focus will be put 
upon earth abundant first row transition metal substituted POMs based on Ni2+ and Co2+  
due to stability, higher oxidation states, and redox properties of these metals2 for oxygen 
evolution similar to Ir and Ru based noble metal catalysts. 
1.3.3 Metal chalcogenide based HER and OER catalyst 
In the recent years, there has been an increase in research on transition metal 
selenide,69-72 sulfide,73 and phosphide72, 74-77 based catalysts.78 The effects on 
chalcogenide heteroatoms on enhancing hydrogen adsorption/desorption kinetics78-79 has 
been reported in previous literature through theoretical calculations and DFT studies78-79. 
Hence, they can be seen as viable alternatives to Pt for HER catalysis. Moreover, 
selenides, sulfides and Phosphides can act as bases and trap protons78. Study of this part 
will focus more on the use of selenide based co-catalysts for HER because the bond 
strength can be considered as a factor enhancing hydrogen desorption from catalytic 
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sites78, and the Se-H bond (276 kJ/mol) has the least strength compared to  P-H (322 
kJ/mol) and S-H (363 kJ/mol).78 Initial studies on Fe, Co,70 and Ni69, 72 selenide based 
materials73 have indicated efficient catalytic performance for OER. The addition of 
electronegative Se2- ligands in the vicinity of catalytically active metal sites could result 
in accelerated delivery of dioxygen molecules due to 3d-2p repulsions and negative 
charge localized on Se sites.71-72, 78 
A majority of metal phosphides74 have properties comparable to metals and 
ceramics. They possess excellent heat and electrical conductivity, in addition to being 
thermally and chemically stable. Transition metal phosphides have been reported for 
electrocatalytic water oxidation72, 75 and can play important roles as bifunctional 
catalysts.80 They can be oxidized to higher valances and transformed into metal 
oxides/hydroxides in the OER environment. A few studies in literature have attributed the 
high oxidation ability of transition metal phosphides to the formation of a core-shell 
structure (oxide@metal phosphide).80-81 
The use of metal selenides and phosphides as co-catalysts for PEC water splitting 
have been limited as of current research. Considering these factors, this dissertation 
presents data on metal phosphide based photoanodes for solar water oxidation. 
1.4 Overall Research Scope and Methodology 
The overall research is divided into three parts. The first part of the study will 
focus upon the individual PEC studies on photoanodes and photocathodes in conjunction 
with Co an Ni polyoxometalate based molecular catalysts in solution (Chapters II and 
III). 
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The second part of this project is the study of heterogeneous transition metal 
chalcogenide based co-catalysts for water splitting. The best performing systems for HER 
and OER will be described in Chapters IV and V respectively. 
Best suitable photoanode/photocathode combinations and tandem photocathode 
combinations with a-Si triple junction photovoltaic based photoanodes have been tested 
towards multiple absorber water splitting in Chapter VI. 
1.4.1 Preparation of Photoelectrode Films 
1.4.1.1 Electrodeposition 
Electrodeposition is an effective strategy for the preparation of photocatalysts and 
heterogeneous electrocatalyst precursors by potential or current controlled 
electrochemical techniques. Stable thin films can be grown by optimization of a variety 
of parameters such as electrolyte composition, pH, potential, and current ranges.82 
In this dissertation, under-potential co-deposition technique is used for the 
deposition of metal chalcogenide thin films. Under-potential electrodeposition is a 
phenomenon in which the transition metal of choice is able to deposit at a potential less 
negative than its normal deposition potential. For example, a number transition metals 
can co-deposit on Se at a potential less negative than their usual deposition potential, with 
the mechanism given in equations 1.3 and 1.4, which proceeds through the four electron 
reduction of H2SeO3 to Se followed by the under-potential reduction of transition metal 
(M) ions on Se. 
H2SeO3 + 4H
+ + 4e− → Se + 3H2O                  (1.3) 
Se + xM2+ + 2xe− → MxSe (1.4) 
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The deposition can also occur by a six electron route, wherein H2SeO3 is reduced 
to H2Se, which then reacts with metal ions to form metal selenide. 
H2SeO3 + 6H
+ + 6e− → H2Se + 3H2O                  (1.5) 
H2Se + xM
2+ → MxSe + 2H
+ (1.6) 
1.4.1.2 Solution deposition/Spin coating 
Chemical solution deposition (also known as sol-gel technique) refers to a host of 
procedures that involving the following steps: (1) deposition of monomeric metal organic 
precursor solution dissolved in a predominantly organic solvent (the sol) on substrate of 
choice by spin coating, spray deposition or dip coating,83 (2) solvent evaporation 
resulting in interactions and cross linking among precursor species to form an aggregated 
or polymerized network (the gel), and (3) formation of desired phase post thermal 
annealing as a result of structural rearrangements. In a typical procedure, anatase TiO2 
thin films may be prepared by spin coating of a titanium (IV) butoxide sol dissolved in a 
water-ethanol mixture followed by thermal annealing. 
1.4.2 Physico-Chemical Characterization Techniques 
FT-IR spectroscopy and mass spectrometry (MS) will be used for the chemical 
characterization of molecular catalysts. Analysis of peaks in the IR finger print region 
will be carried out for identification of specific inorganic groups, and MS will be used for 
identification of POM ion fragments. 
Scanning electron microscopy (SEM) will be used for the characterization of 
photoelectrode thin films and catalysts for their surface morphology and thickness/size 
distribution. Since morphological design of the photoelectrode-catalyst interface is 
crucial for facilitating balance between charge separation and recombination/light 
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absorption losses, SEM is expected to provide important data regarding structure property 
relationships and their effect on device performance. Energy dispersive X- ray diffraction 
(EDX) is coupled to SEM for elemental analysis. 
UV Vis spectroscopy is a versatile technique for the determination of band gap 
energies of semiconductor materials.84 In the most simplified approach, the band gap 
energy can be determined from wavelength at which a steep raise is initiated in 
absorbance. This is due to the fact that the measured wavelength of photon is the 
minimum required for electron excitation across the band gap. 
1.4.3 Fundamentals of PEC Techniques 
1.4.3.1 Illuminated Open Circuit Potential (OCP) 
Illuminated OCP plots are essential electrochemical techniques used to determine 
the conductivity type and approximate photovoltage and flat band potential of 
semiconductors.85 Typically, experiments are conducted using a high impedance 
voltmeter or a potentiostat under zero current (open circuit conditions). N-type 
semiconductors exhibit cathodic OCP shifts upon light illumination due to downward 
band bending, whereas anodic shifts are observed in p-type semiconductors as a 
consequence of upward band bending. The difference between the dark and illuminated 
OCP can be used to estimate photovoltage Vph (See Figure 1.2). OCP measurements in 
this dissertation will be primarily used for the determination of conductivity type of the 
semiconductor photoelectrode. 
1.4.3.2 PEC Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS)86 is a technique in which the 
electrochemical system is perturbed by a small amplitude AC signal of variable 
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frequencies (w). It visualizes the electrode-electrolyte interface as an equivalent circuit 
(the Randles Sevick circuit) for study of electrode kinetics and double layer architecture. 
 
Figure 1.11 EIS equivalent circuit. 
A representative equivalent circuit containing the double layer capacitance (Cdl), 
solution resistance (Rs) and charge transfer resistance (Rct) is shown in Figure 1.11, where 
Cdl denotes the capacitance build-up at the double layer, and Rct and Rs are the resistances 
to interfacial charge transfer and resistance from the electrolyte solution. These 
parameters can be computed from impedance data, which is usually collected in the form 
of Nyquist (Figure 1.12) and Bode plots. 
 
Figure 1.12 Nyquist Plot. 
 
 
 21 
PEC impedance spectroscopy (PEIS) is a procedure in which impedance 
spectroscopic techniques are employed in the presence of light illumination. It can 
provide a host of vital information regarding the kinetics of charge carrier transfer, 
recombination, band pinning, and role of catalysts on the semiconductor-electrolyte 
interface. 
1.4.3.3 Mott Schottky analysis 
Band bending occurs at the semiconductor-electrolyte interface due to the 
difference in electrochemical potential (or Fermi level) between the semiconductor and 
the electrolyte. This results in the charge separation, and produces a layer of minority 
charge carriers on the semiconductor electrode surface, which is known as the space 
charge layer. The capacitance of the space charge layer (Csc) can be used as a vital data 
point for determination of flat band potential (VFB) of the semiconductor, at which band 
bending and potential drop associated with the space charge layer effectively vanishes. 
Measurement of VFB helps in optimization of photoelectrodes for efficient charge carrier 
separation and photocurrent generation. 
Mott Schottky analysis85 is an EIS based technique which provides data on the 
relationship between applied potential and space charge capacitance at set frequencies. A 
representative Mott Schottky plot is provided in Figure 1.13. 
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Figure 1.13 Mott Schottky Plot. 
The x intercept of the Mott Schottky plot equals VFB + kT/e,
87 where VFB is the flat 
band potential, k is Boltzmann constant, T is the temperature, and e is the charge of an 
electron. With known VFB and applied AC bias, the charge carrier concentration (ND) 
across the semiconductor (with an area of A) electrolyte interface can be computed from 
slope of the Mott Schottky plot, in accordance with the following formula:87 
𝑁𝐷 =  
1.41 × 1032(cm4F−2 × V−1)
ξr × 𝐴2(cm4) × slope(F−2 × V−1)
 (1.7) 
The relative permittivity of the semiconductor ξr is assumed to be 10 in most 
cases.87 
1.4.3.4 Three Electrode j-V and Photocurrent Onset Measurements 
PEC water splitting makes the use of light driven charge carrier separation in 
semiconductor photoelectrodes for dissociation of water into hydrogen and oxygen. 
Three electrode j-V88 and photocurrent onset measurements place focus upon 
fundamental PEC properties of the semiconductor materials tested for water 
photoelectrolysis. This technique tests a particular material’s ability to produce 
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photogenerated current (jph) at a given potential, and aid in the measurement of 
photocurrent onset potential (Eonset). 
 
Figure 1.14 Representative photocurrent plot. 
Figure 1.14 provides a representative three electrode photocurrent measurement 
for a semiconductor photoanode. The experiment is typically started at potentials in the 
range of measured flat band potential (VFB) where there is negligible photocurrent as a 
result of no band bending. As the potential is further swept in the anodic direction, the 
steep onset of photocurrent is noticed as a result of charge separation at the interface. The 
potential at which photocurrent begins to appear is referred to as the photocurrent onset 
potential (Eonset). Onset voltage (Vonset) is the difference between the photocurrent onset 
potential and thermodynamic potential for water oxidation or reduction. Materials 
providing greater onset voltage are best suitable to be optimized for unbiased water 
splitting, High values of photocurrent indicate effective charge carrier separation, and are 
directly related to the efficiency limits of the system. At definite values beyond the 
reversible potential for the reaction of choice, band bending becomes too large that the 
photocurrent saturates and remains steady. 
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1.4.3.5 Two Electrode Short Circuit and j-V 
Two electrode j-V experiments88 involve the time-dependant perturbation of DC 
voltage between the working and counter electrodes under light illumination and in dark 
conditions. These experiments are critical for the determination of applied bias to 
photocurrent efficiency (%ABPE) and solar to hydrogen conversion efficiency (%STH). 
Thus, they shed light on the water splitting capabilities and limits of materials used in a 
PEC system. Also, two electrode j-V measurements is one of the primary PEC techniques 
to study overall water splitting. 
If water splitting can be achieved under zero applied bias between the working 
and counter electrodes (short circuit conditions), the short circuit photocurrent density 
(jsc) or hydrogen evolution rate will be used for the determination of true solar to 
hydrogen conversion efficiency (%STH), as provided in Eqs. 1.8 and 1.9.89 
%STH = [
|𝑗SC(mA/cm
2)|×1.23 𝑉×𝜂F
𝑃total(
mW
cm2
)
]
AM1.5G
× 100                                                       (1.8)                                                     
where ηF is the Faradaic efficiency of hydrogen evolution and Ptotal is the total 
solar power input. 
%STH = [
(mmol H2/s)×237,00 J/mol
𝑃total(
mW
cm2
)×Area (cm2)
]
AM1.5G
× 100                                                      (1.9) 
The applied bias to photocurrent efficiency can be calculated from the formula provided 
below:89 
%ABPE = [
|𝑗ph(mA/cm
2)|×(1.23− |𝑉b|)(V)×𝜂F
𝑃total(
mW
cm2
)
]
AM1.5G
× 100                                       (1.10) 
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CHAPTER II – PHOTOELECTROCHEMICAL STUDIES ON EARTH ABUNDANT 
PENTANICKEL POLYOXOMETALATES AS CO-CATALYST FOR SOLAR 
WATER OXIDATION* 
*This work has been published in Sustainable Energy and Fuels (DOI: 
10.1039/C7SE00523G) 
 
2.1 Introduction 
The development of viable systems for harnessing energy from renewable sources 
has been an important scientific pursuit in recent years.12, 20 Photoelectrochemical (PEC) 
water splitting offers a safe, localized, and low temperature approach for production of 
hydrogen and oxygen from water, and has an enormous potential for facile integration 
with hydrogen fuel cells in the near future.14, 20  
A wide spectrum of research has been carried out in the development of 
semiconductor based photoelectrodes for PEC water splitting, as well documented in the 
literature.12, 20, 23, 26, 29, 90 However, the high energy barrier required for water oxidation 
(1.23 V vs SHE under standard conditions29), in addition to losses from ineffective light 
absorption and separation of photogenerated electrons and holes pose severe limitations 
on the ability of single absorber based solar water splitting systems under unbiased or low 
biased conditions.34, 90 The prohibitive cost of these noble metal based catalysts 
necessitates the need for the development of alternate earth abundant non-noble metal 
based catalysts for efficient solar to hydrogen conversion by water splitting.2, 34, 91 
Catalysts developed for PEC water oxidation processes must be capable of 
effectively capturing photogenerated holes and facilitating low energy pathways for 
oxidation of water, so as to increase observed photocurrent while reducing the onset 
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potential.2, 34-35, 91 In the last few years, there has been considerable research progress on 
transition metal based solution-phase51, 92-94 and solid-state2, 14, 34, 91, 93 water oxidation 
catalysts, most of which have been used in photocatalytic34, 54, 57, 59, 62-63, 65, 67, 95-96 or 
electrocatalytic2, 92, 97-98 water splitting devices. However, electrocatalytic water splitting 
still demands the application of significant external bias, and the use of photocatalytic 
methods for large scale device applications come with engineering constraints for O2/H2 
gas separation. PEC water splitting with the above-mentioned transition metal based 
catalysts could provide an efficient, localized system to split water and produce high 
purity O2/H2 under unbiased or low applied bias conditions. 
Research in this chapter focuses upon the catalytic applications of transition metal 
substituted polyoxometalates (POMs).51-55 This is due to their ability for facile reversible 
multi-electron transport kinetics within the POM architecture. Moreover, POM anions are 
capable of stabilizing active catalytic sites in higher oxidation states, which is an essential 
requirement for efficient water oxidation and reduction.55-59 POMs are also able to 
coordinate multi-metal cores, which effectively increases the number of active sites for 
water oxidation and reduction catalysis. Previously, Ru,57, 62-63, 96, 98 Co,64-67, 95, 97, 99 and 
Ni68 based POMs have been employed for photochemical54, 57, 59, 62-63, 65, 68 and 
electrocatalytic97-98 water oxidation. Recently, Hill et al. reported the use of dye 
sensitized TiO2 photoanodes treated with Ru based POMs for water oxidation, focusing 
on the effect of sensitizer design on performance.100 
The use of water oxidation catalysts in solution offers a variety of advantages for 
PEC applications, including fast reaction kinetics, low electric resistance, and facile 
photoelectrode fabrication. In this study, we investigate the use of 
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K10H2[Ni5(OH)6(OH2)3(Si2W18O66)]•34H2O (Ni5-POM) as an earth abundant water 
oxidation catalyst in solution for PEC water splitting using spin-coated TiO2 
photoanodes. Ni5-POM has been reported to be a stable and active homogenous water 
oxidation catalyst.68 While the exact mechanism of water oxidation on POMs is still 
being studied, the complex environment could play a role in increasing water oxidation 
activity. The penta-nickel unit has multiple bridging oxo groups that act as acceptor bases 
for the water oxidation mechanism, and also stabilize the metal center in higher oxidation 
states. This cluster of oxo-bridged multiple d-electron resembles the structure of 
Mn4CaO4,
101 the active oxygen evolution center in Photosystem II.102  As it is carbon 
free, the complex is oxidatively stable within the applied operating potential range.68 
Additionally, Ni5-POM is earth abundant, and has shown to be more active toward water 
oxidation than other Ni based polyoxometalates.103  In this study, we report for the first 
time Ni5-POM can be a suitable co-catalyst in PEC water oxidation with TiO2 
photoanodes. 
2.2 Materials and Methods 
2.2.1 Chemicals 
Unless otherwise stated, all chemicals were purchased from Aldrich and used as 
received. Titanium (IV) butoxide (97%) and hydrogen peroxide (50 wt% in H2O) were 
used in the preparation process for TiO2 films. Sodium metasilicate (> 99%), nickel 
chloride hexahydrate (> 99%), sodium tungstate dihydrate (> 99%), sodium carbonate (> 
99%), and potassium chloride (Fischer, ACS grade) were the chief salts used for 
preparation of Ni5-POM catalyst. De-ionized water (Millipore Advantage 5) was used 
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when performing all experiments, and all instruments were calibrated in accordance with 
accepted standards. 
2.2.2 Preparation of FTO/TiO2 and Ni5-POM 
FTO/TiO2 photoanode and Ni5-POM catalyst were prepared according to the 
literature104. TiO2 thin films were prepared by spin coating technique from a precursor 
solution consisting of titanium (IV) butoxide and H2O2 in a 1:3 volume ratio, and water-
ethanol mixture was the solvent. Typically, 100 μL of 97% titanium (IV) butoxide and 
300 μL of 50% H2O2 were added to 5.00 mL of solvent containing equal volumes of 
water and ethanol, followed by ultrasonic dispersion for 2 h. Cleaning of FTO substrates 
was done by sonication in deionized water, methanol, acetone, isopropanol, and 
deionized water, each for 15 min, respectively. Layers of dispersed precursor solution 
were spin coated onto a 1 cm2 active area of the dry FTO substrate by spinning 50 μL of 
the freshly prepared solution at 2000 rpm for three times. This was followed by sintering 
at 773 K for 2 h and gradual cooling to produce the TiO2 photoelectrode for study. 
Synthesis of Ni5-POM catalyst was done in accordance with procedures reported 
previously.68 27.5 mmol of Na2WO4 and 2.6 mmol of Na2SiO3 were dissolved in 15 mL 
of water (at 80oC) to obtain a clear solution. 9.5 mL of 6.0 M HCl was added slowly over 
a period of 30 min under vigorous stirring, and the solution was filtered over a frit to 
remove the unreacted silica. In a separate beaker, 2.5 mL of sodium carbonate was 
dissolved in 7.5 mL of deionized water. This sodium carbonate solution was then added 
slowly to the first solution under gentle stirring. A white precipitate formed after 1 h, 
which was isolated by gravity filtration. The obtained white precipitate was stirred in 50 
mL of 4.0 M NaCl, filtered, and washed with diethyl ether and ethanol successively and 
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dried to produce Na10[-SiW9O34] precursor.  This was followed by the substitution of Ni 
ions. Na10[α-SiW9O34] (0.54 mmol) was added to 15 mL of deionized water, forming a 
turbid white suspension. Drop-wise addition of 1.0 M HCl adjusted the pH to 6.8, causing 
the suspension to dissolve into a solution This was followed by the addition of 
NiCl2·6H2O (1.35 mmol) under stirring. The solution was refluxed for two hours, cooled 
to room temperature, filtered, and then 20 mL of saturated KCl was added. The resulting 
solution was placed in an ice bath with stirring for an hour and the pale green precipitate 
that slowly formed over this time was collected via filtration. The crude product was 
recrystallized twice from hot water. Slow evaporation produced green, Ni5-POM crystals. 
The synthesized Ni5-POM was first characterized by FT-IR spectroscopy. A 
majority of principle peaks in FT-IR spectrum, which was taken with a Nicolet Nexus 
470 FT-IR spectrometer, matched closely with those shown in the previous report68 (see 
Figure 2.1). Electrospray mass spectrometric analysis, which was carried out with a 
Thermo-Fischer LXQ ESI-ion trap mass spectrometer (Waltham, MA, USA), was used to 
further confirm the composition of the synthesized Ni5-POM. As revealed in Figure 2.2 
and Table 2.1, a number of observed mass/charge (m/z) peaks, such as 194.75 (Figure 
2.2a), 623.17 (Figure 2.2b), 718.00 (Figure 2.2c), 825.46 (Figure 2.2d), 1286.08 (Figure 
2.2e), and 1664.67 (Figure 2.2f), are consistent with the POM related fragments, 
[K(H2O)4W18O66]
23-, [K3HX]
8-, [K4HX]
7-, [K2H4X]
6, [K7HX]
4-, and [K3H6X]
3-, 
respectively, where X = [Ni5(OH)6(OH2)3(Si2W18O66)] 
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Figure 2.1 FT-IR spectra of Ni5-POM. (a) Entire spectral region from 400 to 4000 cm-1 
and (b) scaled in the fingerprint region of 400 to 1100 cm-1.  
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Figure 2.2 Mass spectra of Ni5-POM in different m/z regions. 
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Table 2.1 Peak assignments for mass spectra of Ni5-POM shown in Figure 2.2 
Observed m/z Predicted m/z Formula 
190.79 190.58 [H(H2O)W18O66]
23- 
192.77 192.92 [H(H2O)4W18O66]
23- 
194.75 194.63 [K(H2O)4W18O66]
23- 
196.79 196.47 [K(H2O)6W18O66]
23- 
198.97 198.66 [H2W18O66]
22- 
   
623.17 623.38 [K3HX]
8- 
718.00 718.24 [K4HX]
7- 
825.46 825.45 [K2H4X]
6- 
1276.46 1276.67 [K6H2X]
4- 
1286.08 1286.17 [K7HX]
4- 
1295.08 1295.47 [K8X]
4- 
1651.17 1651.83 [K2H7X]
3- 
1664.67 1664.57 [K3H6X]
3- 
X = [Ni5(OH)6(OH2)3(Si2W18O66)]
 
 
2.2.3 Physico-Chemical Characterization of FTO/TiO2 Photoanode 
A Zeiss Sigma VP FEG scanning electron microscope (SEM) was used for the 
SEM images of TiO2 photoelectrodes on FTO substrate. The UV-vis spectrum of TiO2 
photoelectrodes was recorded using an Evolution 300 Thermo-Scientific 
spectrophotometer. 
2.2.4 Photoelectrochemical Studies 
PEC measurements were carried out with a three-electrode electrochemical setup 
using a 50 mL quartz beaker as the cell, an Ag/AgCl (3.0 M KCl) as the reference 
electrode, a Pt wire as the counter electrodes, and the FTO/TiO2 (1 cm
2) as the working 
electrode, respectively. The 1 cm2 exposed area of the working electrode was creating by 
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masking the remaining regions with non-conducting parafilm. Electrochemical 
impedance spectroscopic (EIS) measurements were carried out at open circuit DC 
potential with a 5 mV super-imposed AC signal. For unbiased potential studies, a two-
electrode setup was used with a Pt wire as the reference/counter electrode. Experiments 
were performed in a 0.050 M pH 9.0 borate buffer solution at a scan rate of 0.020 V/s, 
with and without the presence of 20 μM Ni5-POM catalyst. All electrochemical studies 
were performed using a CH instruments model 660 A electrochemical workstation. A 
150 W Xe lamp solar simulator (ABET technologies) with an AM 1.5 G filter providing a 
light intensity of 1000 W/m2 (1 sun) was used as the visible light source for PEC studies. 
Oxygen detection was carried out using dissolved oxygen measurements with an oxygen 
sensor (Hanna Instruments, Model HI9164). 
2.3 Results and Discussion 
2.3.1 Physico-Chemical Characterization 
Surface morphology of TiO2 film coated FTO is shown in Figure 2.3 at different 
magnifications, where even distribution of TiO2 particles in the form of micro-sized 
flakes (~20×30 μm) is evident (Figure 2.3a). The thickness of the cracked film can be 
estimated on the basis of SEM images at higher resolutions (Figures 2.3b and c), which 
show an approximate value of 2-3 μm. These cracks are most likely formed during 
annealing process due to probably thermal expansion coefficients mismatch of the 
coating and FTO substrate, as observed previously for TiO2 on ITO
105 and steel 
substrates.106 This as-prepared TiO2/FTO photoanode could  provide a large and uniform 
surface area for light absorption and charge generation, effective interaction between 
TiO2 layer and solution-phase catalyst, as well as reducing the amount of recombination 
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hotspots that result in efficiency losses. The energy dispersive X-ray (EDX) spectrum of 
TiO2 micro-flakes on FTO substrate shown in Figure 2.4 displays two major peaks from 
Ti and O, as well a few minor peaks from Sn. These data confirm the formation of TiO2 
on FTO (i.e., F:SnO2) substrate. Note also that no EDX peaks associated with impurities 
or dopants are observed. Figure. 2.5 shows the UV-vis spectra of TiO2/FTO (Figure 2.5 
a), FTO substrate (Figure 2.5b), and TiO2 (Figure 2.5c), respectively. 
 
 
(a) 
 
(b) 
 
(c) 
 
 
Figure 2.3 SEM images of spin coated TiO2 films on FTO substrate at (a) 206 X, (b) 704 
X, and (c) 2.35 kX magnification. 
An onset wavelength () of ~385 nm can be estimated from Figure 2.5  for TiO2 
absorption, which corresponds to a band gap energy (E) of 3.22 eV as E (in eV) = 
1240/(in nm).20 Additionally, TiO2 shows a maximum absorption at ~308 nm as seen 
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from previous reports.4, 107 In other words, the synthesized TiO2 nanoparticles are anatase 
type TiO2.
104, 108 
 
Figure 2.4 Energy dispersive X-ray (EDX) spectrum of spin coated TiO2 films on FTO 
substrate. The analysis was spotted on the TiO2 microflake shown in the inset. 
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Figure 2.5 UV-vis spectra of (a) spin coated TiO2 film on FTO substrate, (b) FTO 
substrate only, and (c) TiO2 film obtained by subtracting (b) from (a). 
2.3.2 Three-Electrode Photocurrent Measurements And Electrochemical Impedance 
Spectroscopy 
The study of photoelectrochemical properties is important for understanding of 
photoelectrode-catalyst interactions and determining the overall effectiveness of the 
catalyst in facilitating solar water oxidation. Figure 2.6 shows the linear sweep 
voltammograms obtained from TiO2/FTO photoanodes in the absence (Figure 2.6a) and 
presence (Figure 2.6 b) of water oxidation catalyst Ni5-POM (20 μM in 0.050 M pH 9.0 
borate buffer) under dark conditions and the photoanodes in the absence (Figure 2.6 c) 
and presence (Figure 2.6) of Ni5-POM catalyst (20 μM in 0.05 M pH 9.0 borate buffer) 
under simulated solar radiation, respectively. Clearly, under dark, negligible current is 
seen at TiO2/FTO electrode in the absence (Figure 2.6a) or presence (Figure 2.6b) of Ni5-
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POM catalyst within the sweep potential window of -0.25 to +0.70 V vs Ag/AgCl. 
However, the overall current density in the presence of Ni5-POM is marginally higher 
than that in its absence due to its electrocatalytic activity. This is better evidenced by dark 
current measurements on control FTO electrodes (Figure 2.7), that indicate a significant 
increase in water oxidation current density and negative shift in onset potential in the 
presence of Ni5-POM catalyst in solution. Under light irritation, a photocurrent density of 
-0.087 mA/cm2 at 0.70 V vs Ag/AgCl at TiO2/FTO electrode is observed even in the 
absence of Ni5-POM in solution (Figure 2.6c).  This photocurrent density is increased by 
2.3 times (i.e., -0.20 mA/cm2) upon the addition of 20 μM Ni5-POM to the borate buffer 
electrolyte (Figure 2.6d). The use of Ni5-POM catalyst also significantly shifts the onset 
potential of water oxidation to a much negative potential value than -0.20 V vs Ag/AgCl 
(Figure 2.6d vs 2.6c). These above findings suggest that under the present experimental 
conditions, light irradiation is a prerequisite of water oxidation and Ni5-POM can 
effectively facilitate the oxidation process. The increase in observed photocurrent in the 
presence of the catalyst points its effectiveness in enhancing electron-hole separation by 
capturing holes from the conduction band of TiO2 for its mechanistic pathway to oxidize 
water. Moreover, the negative shift in onset potential with added Ni5-POM points at its 
catalytic activity for water oxidation through probably facile charge transfer kinetics and 
hole utilization. The obtained photocurrent, i.e., -0.20 mA/cm2 at 0.70 V vs Ag/AgCl, is 
significantly larger than that produced from Ag nanoparticle,109 Co3O4,
110 CdS111, or 
glycerol112 modified TiO2 photoelectrode under similar experimental conditions (as 
shown in Table 2.2). 
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Table 2.2 Comparison of photocurrents obtained at different TiO2 based photoelectrodes 
for water splitting under various experimental conditions 
Photoelectrode Photocurrent and Conditions Reference 
AgNP decorated TiO2 ~0.016 mA/cm
2 at 0.70 V vs Ag/AgCl under UV, 
and ~0.1 mA/cm2 under visible light, using 0.1 M 
Na2SO4 electrolyte 
109 
Co3O4 modified TiO2 0.045 mA/cm
2 at 0.8 V vs Ag/AgCl under AM 
1.5G light of 100 mW/cm2, using 0.1 M Na2S 
electrolyte 
110 
Direct Z-scheme TiO2/CdS 
hierarchical photocatalyst 
~0.13 mA/cm2 at 0.60 V vs Ag/AgCl, 0.5 M 
Na2SO4 electrolyte, 3 W UV LED light source 
111 
TiO2 nanotubes with 
glycerol as hole scavenger 
~90 A/cm2 at 0.70 V vs SCE, 0.1 M KOH 
electrolyte, 300 W Xenon lamp with 365 nm filter 
112 
TiO2 modified with 
Ru(bpy)3
2+ derivative dye  
with Ru(II) polyoxometalate 
(POM)  
54.8 A/cm2 at pH 5.80 (Na2SiF6/NaHCO3 
electrolyte) and 34.2 A/cm2 at pH 7.2 
(lutidine/HClO4 electrolyte), 0 V vs Ag/AgCl, 455 
nm LED 
100 
TiO2 in the presence of 
solution-phase Ni5-POM 
0.20 mA/cm2 at 0.70 V vs  Ag/AgCl, 20 μM Ni5-
POM in 50 mM borate buffer, pH 9.0 
This work 
 
The present system also shows a comparable photocurrent as compared to that 
from a photoelectrode of TiO2 modified with Ru(bpy)3
2+ derivative dye attached with 
Ru(II)-POM water oxidation catalyst at ~0 V vs Ag/AgCl.100 Clearly, our system does 
not involve the use of any photosensitizers, noble metal based catalysts or sophisticated 
electrode processing techniques. Instead, it offers a straightforward path to water 
oxidation under simulated solar light in near-neutral pH conditions. Given the fact that 
reports on the use of POMs as co-catalysts are very limited, further research on POM 
based co-catalysts may offer a viable practical approach to single absorber and tandem 
solar water splitting. 
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Figure 2.6 Linear sweep voltammograms of TiO2/FTO photoanodes in the (a) absence 
and (b) presence of water oxidation catalyst Ni5-POM (20 μM in 0.050 M pH 9.0 borate 
buffer) under dark conditions and TiO2/FTO photoanodes in the (c) absence and (d) 
presence of water oxidation catalyst Ni5-POM (20 μM in 0.050 M pH 9.0 borate buffer) 
under simulated solar radiation. 
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Figure 2.7 Linear sweep voltammograms of FTO anodes in the (a) absence and (b) 
presence of water oxidation catalyst Ni5-POM (20 μM in 0.050 M pH 9.0 borate buffer) 
under dark. 
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Electrochemical impedance spectroscopy (EIS) was used to verify the effect of 
catalyst on increasing electron-hole separation of TiO2 and on increasing the rate of 
photoelectrochemical water oxidation. Figure 2.8A and B shows the EIS spectra (Nyquist 
plots) obtained from TiO2/FTO photoanodes under light (Figures 2.8A(a) and 2.8B(a)) 
and dark (Figure 2.8A(b) and 2.8B(b)) conditions in the absence (Figure 2.8A) and 
presence (Figure 2.8B) of water oxidation catalyst Ni5-POM, respectively. As compared 
to the data obtained under dark, with light irradiation, a much  smaller semi-circle on EIS 
spectra (Figures 2.8A(a) vs 2.8A(b) as well as Figures 2.8B(a) vs 2.8B(b)) corresponding 
to a higher double layer capacitance and a lower charge transfer resistance113-115 is 
observed, which confirms that the electron and hole are well separated on TiO2/FTO 
photoanode and that the charge transfer process at the electrode surface turns to be much 
faster in the presence of light illumination. Figure 2.8C compares the Nyquist plots of 
TiO2/FTO photoanodes in the presence (Figure 2.8C(a)) and absence (Figure 2.8C(b)) of 
water oxidation catalyst Ni5-POM under light radiation. In the former case, a 
considerably lower charge transfer resistance and a higher double layer capacitance are 
evident. This observation complements data from voltammetric studies (Figure 2.6), 
indicating increased electron-hole separation and capture of photogenerated holes for 
water oxidation by the catalyst. Hence, Ni5-POM acts as an efficient homogenous co-
catalyst for photoelectrochemical water oxidation. On the basis of the above observations 
and previously reported literature,34-35, 53, 55 a three-step mechanism associated with the 
photoelectrochemical water oxidation at TiO2/FTO electrode using Ni5-POM as solution-
phase catalyst is proposed as follows: 
 
 41 
Step 1  ̶  Absorption of light by TiO2/FTO photoelectrode and generation of 
electron-hole pairs: 
                                                                         (2.1) 
Step 2  ̶  Hole capture from TiO2 by Ni5-POM water oxidation catalyst and redox 
levelling 
 
      (2.2) 
Step 3  ̶  Utilization of photogenerated holes for oxidation of water through 
catalytic pathways 
     (2.3) 
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Figure 2.8 Nyquist plots of TiO2/FTO photoanodes in the (A) absence and (B) presence 
of water oxidation catalyst Ni5-POM (20 μM in 0.050 M pH 9.0 borate buffer) under (a) 
simulated solar irradiation and (b) dark. (C) Nyquist plots of TiO2/FTO photoanodes in 
the (a) presence and (b) absence of water oxidation catalyst Ni5-POM (20 μM in 0.050 M 
pH 9.0 borate buffer) under simulated solar irradiation. 
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2.3.3 Unbiased two-electrode photocurrent measurements 
To study the effect of Ni5-POM catalyst on facilitating overall water splitting, 
photocurrents were measured at zero applied bias under intermittent light with a two-
electrode configuration. As shown in Figure 2.9, after stabilization and decay of non-
faradaic current, at TiO2 photoelectrode a very small photocurrent of ~-0.008 mA/cm
2 is 
observed in the absence of the catalyst (Figure 2.9a), whereas an approximately 10 times 
increase in photocurrent (i.e., ~-0.08 mA/cm2) is obtained in the presence of 20 μM Ni5-
POM water oxidation catalyst in solution (Figure 2.9b). Although this unbiased 
photocurrent is relatively low, the present finding is significant, given the fact that TiO2 
anatase only has weak solar absorption in the range of UV irradiation (see Figure 2.5c) 
and that studies of water splitting under unbiased potential using TiO2 photoelectrode are 
very limited. Hence, investigation on the possibilities of incorporating POM based water 
oxidation catalysts for both single absorber and tandem photoelectrochemical water 
splitting processes could pave way for the development of efficient solar to hydrogen 
conversion under no applied external bias. 
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Figure 2.9 Unbiased two-electrode photocurrent plots of TiO2/FTO photoanodes under 
intermittent simulated solar light in the (a) absence and (b) presence of water oxidation 
catalyst Ni5-POM (20 μM in 0.050 M pH 9.0 borate buffer). 
2.3.4 Stability studies 
The stability of TiO2/FTO electrodes for photoelectrochemical water oxidation in 
the presence of Ni5-POM was evaluated by multiple-potential step and constant potential 
experiments using a typical three-electrode system. The stability measurements for 
FTO/TiO2 under constant potential conditions may not actually reflect the stability of the 
electrode toward water oxidation because the depletion of the electroactive species (i.e., 
OH-) near the surface of the electrode expectedly leads to an inverse time1/2 function as 
indicated by the Cottrell equation.116 In the presence of co-catalyst, water oxidation 
becomes more effective, resulting in faster depletion of OH- and hence quicker decay of 
the photocurrent vs time profile. Another issue of such an experiment is that extensive O2 
gas produced under constant potential accumulated on the electrode surface and inhibited 
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further electro-oxidation of water. Consequently, the stability study of the photoelectrode 
was focused on the data generated from the multi-potential step experiment, in which the 
applied potential was regularly shifted from 0 to 1.10 V vs Ag/AgCl in 3 s intervals for a 
time period of 4000 s, and responses of photocurrent were recorded. The positive bias of 
1.10 V was applied because photocurrent saturation and extensive gas evolution can be 
expected at this applied potential range. Hence, stability testing at 1.10 V could provide 
an adequate benchmark in terms of practical performance. Figures 2.10a, b and c are the 
plots of photocurrent density vs time from a TiO2/FTO electrode under multi-potential 
step excitations in three different time regions, namely 0-200 s, 1800-2000 s, and 3800-
4000 s, respectively. Immediately after each potential switch, an initial quick decay in 
photocurrent due to charging current is displayed. The photocurrent density is then 
gradually decreased to a relatively stable value within the entire test time window.  At the 
end of this stability experiment, the surface of the photoelectrode exhibited the presence 
of minor pits owing to extensive gas evolution from the electrode surface. There was no 
visible appearance of film formation.  On the other hand, when a step potential greater 
than 1.10 V was applied, a washable, light dark film of possibly nickel borate was 
noticed. As a result, an oxidation potential positive than 1.10 V vs Ag/AgCl is not 
recommended when testing a system containing POM based solution-phase catalyst. The 
present TiO2/FTO-Ni5-POM system has a low onset potential (< = -0.20 V vs Ag/AgCl, 
Figure 2.6) and a high operating onset potential (~1.10 V vs Ag/AgCl) for water splitting, 
which provides a practical photoelectrolyser with a wide range of operating potential 
window of ~1.3 V. 
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Figure 2.10 Stability studies of TiO2/FTO photoanodes under simulated solar light in the 
presence of water oxidation catalyst Ni5-POM (20 μM in 0.050 M pH 9.0 borate buffer) 
for the time region of (a) 0-200 s, (b) 1800-2000 s, and (c) 3800-4000 s. Potentials 
applied at step 1: 0 V vs Ag/AgCl and step 2: 1.10 V vs Ag/AgCl. 
2.3.5 Detection of Oxygen 
O2 detection and its concentration evaluation were carried out using a dissolved 
oxygen (DO) sensor during multi-potential pulse experiments as discussed in Section 
3.2.3. The cell was degassed with ultrapure N2 (Airgas, Hattiesburg, MS, USA) for 15 
min prior to the start of the experiment, and was placed under a N2 blanket throughout the 
course of measurements. As the oxygen sensor was placed near the photoelectrode, the 
recorded DO levels should be a reflection of instant local oxygen concentrations. It can 
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be seen from Figure 2.11 that under AM 1.5G irradiation the DO concentration generated 
from the TiO2/FTO electrode in the presence of Ni5-POM (Figure 2.11e) is much higher 
than that in its absence (Figure 2.11d). As expected, the corresponding DO concentration 
produced in the dark is remarkably lower than its counterpart (Figure 2.11 (e) vs 2.11 (c) 
and Figure 2.11d vs 2.11b). Note that the oxygen produced from the present 
photoelectrochemical setup, for example, 0.18 ppm from the TiO2/FTO-Ni5-POM system 
after 200 s light irradiation (Figure 2.11e), is limited as compared with the amount of DO 
at 100% saturation in water (8.68 ppm at 1 atm at 21 ºC).117 Note also that precise 
quantification of O2 and the faradaic efficiency are found to be difficult due to practical 
constrains in our current photoelectrochemical cell setup and the charging current 
produced during the photoelectrochemical oxidation. Table 2.3 presents the faradaic 
efficiencies estimated on the basis of oxygen measured at different time intervals on the 
FTO/TiO2 electrode in the presence of Ni5-POM under simulated solar irradiation, where 
an average faradaic efficiency of ~294% is obtained. 
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Table 2.3 Oxygen Quantification and faradaic efficiency. 
Time (s) DO 
(ppm) 
Moles of 
O2 (mol) 
Experimental 
charge (C) 
Theoretical 
charge 
(based on 
observed 
DO) 
Faradaic 
efficiency % 
50 0.04 6.25E-08 
 
8.45E-03 
 
0.024125 
 
285.6686126 
 
100 0.07 1.09375E-
07 
 
1.66E-02 
 
0.04221875 
 
255.0981873 
150 0.14 2.1875E-07 
 
2.47E-02 
 
0.0844375 342.2401913 
200 0.16 2.5E-07 
 
3.27E-02 
 
0.0965 295.5408551 
Average 294.6369616 
 
 
Such a high faradaic efficiency probably results from the fact that the oxygen 
sensor was placed near the photoanode, leading to the reporting of a much higher local 
oxygen concentration rather than a well-spread average oxygen level. In other words, the 
measured oxygen concentration is approximately three times of the actual concentration 
of oxygen in a well-mixed solution. Nevertheless, the overall DO data trends presented in 
Figure 2.11 point at the fact that obtained photocurrent is indeed due to oxygen evolution, 
and correlate well with the results obtained from photocurrent and impedance 
measurements that point at the role of Ni5-POM with respect to increased water oxidation 
photocurrent and reduced onset potential by means of enhanced charge separation and 
catalytic activity (see Sections 2.3.2). 
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Figure 2.11 Dissolved oxygen (DO) for (a) borate buffer blank, (b) during multi-potential 
step experiments in the absence and (c) presence of water oxidation catalyst Ni5-POM 
(20 μM in 0.050 M pH 9.0 borate buffer) under dark conditions, (d) TiO2/FTO 
photoanodes in the absence and (e) presence of water oxidation catalyst Ni5-POM (20 μM 
in 0.050 M pH 9.0 borate buffer) under simulated solar irradiation. 
The turnover number (TON) and turnover frequency (TOF) for this system were 
calculated to be 0.085 and 1.5 h-1 based on the number of moles of oxygen evolved (250 
nmole) within 200 s at the FTO/TiO2 photoanode in the presence of Ni5-POM (20 M in 
50.0 mL or 1000 nmole) under simulated solar irradiation, with the assumption of 100% 
faradaic efficiency and Ni5-POM as the sole catalytic contributor. Clearly, TOF is a better 
expression of the catalytic activity than TON, as the latter will increase with the increase 
of the experimental time. A number of factors, including the rate of diffusion of the 
homogenous catalyst to and from the electrode surface, the deactivation of the catalyst 
during the course of electrolysis, as well as the overpotential, could significantly affect 
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the TON and TOF of a homogeneous electrocatalyst system.118 Hence, the TON and TOF 
obtained from the above simplified calculations must be used and interpreted cautiously. 
On the other hand, from an industrial standpoint of view, the use of homogenous catalysts 
has unique advantages over heterogeneous co-catalysts, because stability of catalyst films 
in the face of prolonged gas evolution is not a factor, and it is more convenient to design 
flow systems that can replace inactivated homogenous catalysts. 
2.4 Conclusion 
Photoelectrochemical studies on water oxidation catalyst Ni5-POM for solar water 
splitting using spin coated TiO2/FTO photoanodes were reported. TiO2 film was 
characterized with SEM, EDX, and UV-vis spectroscopy. The three-electrode 
photocurrent measurements revealed significant increase in photocurrent and negative 
shift in onset potential of water oxidation upon the addition of 20 μM Ni5-POM water 
oxidation catalyst. As verified by EIS data, these observations were attributed to 
increased electron-hole separation of TiO2 and catalysis of water oxidation reaction 
resulting from capture and utilization of photo-generated holes by the catalyst. At zero 
biased potential, the TiO2/FTO-Ni5-POM system displayed a notable photocurrent, which 
is significant considering the unbiased photocurrent was produced from anatase TiO2 
photoelectrode under simulated solar light. Multi-potential step experiments revealed that 
the cracked TiO2 film on FTO was stable even under a harsh experimental parameter of 
1.10 V vs Ag/AgCl in the presence of Ni5-POM catalyst and simulated solar irradiation. 
Oxygen produced from the TiO2/FTO-Ni5-POM system was detected. Moving forward 
with the results of this investigation, future studies on the use of homogenous POM based 
catalysts are expected to focus on their integration with lower bandgap photoanodes and 
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possible application as co-catalysts in tandem water splitting, with the objective of 
designing high efficiency solar fuel conversion devices. 
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CHAPTER III - PHOTOELECTROCHEMICAL INVESTIGATIONS ON COBALT 
POLYOXOMETALATES AS CO-CATALYSTS FOR SOLAR WATER REDUCTION 
USING CuxSe PHOTOCATHODES 
3.1 Introduction 
In terms of global power generating capacity, solar energy ranks the highest 
amongst all sustainable energy sources with a potential to deliver over 20 TW.12 
Hydrogen has been considered as one of the primary energy sources of the future due to 
its high volumetric power density and potential for green combustion, and 
photoelectrochemical (PEC) water splitting makes direct use of solar energy incident on 
semiconductor photoelectrodes and is a convenient, economic option to produce high 
purity hydrogen at low temperatures. 
A variety of photocathodes based on inorganic semiconductor materials such as p-
Cu2O
119-122 and CdS have been developed and optimized over the years for use in solar 
water reduction. Copper selenide (CuxSe) is a stable, low band gap chalcogenide based 
semiconductor material with a broad solar absorption range. It has been used primarily in 
thermoelectric devices,123-126 ion selective sensors,127 and in protective black coatings. 
Copper Indium Gallium Selenide (CIGS) is a well-studied hybrid I-III-VI material used 
in photovoltaics.128-130 However, there have limited reports on the application of CuxSe 
for PEC water splitting. Studies in this chapter provide an insight on the PEC properties 
of CuxSe for solar water reduction. 
Co-catalysts play a vital role in PEC water splitting process by reducing the 
overpotential for water reduction and oxidation, and also facilitating greater exciton 
density through rendering efficient charge separation.23, 34, 91, 94, 118 Pt has been the most 
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efficient catalyst reported for hydrogen evolution reaction (HER), with its activity arising 
from near zero free energy of hydrogen atom adsorption.40-41 However, the prohibitive 
cost of noble metal based catalysts necessitates the development of alternate earth 
abundant material based systems for solar water splitting. 
Polyoxometalates (POMs) are transition metal oxo-anion cluster frameworks 
linked by common oxygen atoms. There has been a wide spectrum of current research 
focused on the catalytic applications of POMs.51-53, 55, 57-59, 62, 64, 67-68, 98, 100 They can be 
efficient water splitting catalysts due to (1) facile reversible multi-electron transport 
kinetics within the POM architecture, (2) stabilization of active transition metals, (3) 
possibility for co-ordination of multi-metal cores, which effectively increases the number 
of active sites, and (4) absence of organic moieties in the POMs employed, increasing 
their stability. POMs based on Ru,57, 98 Co65-67, 95, 97 and Ni68 have been previously studied 
for photochemical and electrocatalytic water splitting. However, a majority of these 
studies have focused more on the water oxidation compared to water reduction. Also, 
electrocatalytic water splitting still demands the application of significant external bias, 
and the use of photocatalytic methods for large scale device applications come with 
engineering constraints for O2/H2 gas separation. PEC water splitting with the transition 
metal based catalysts could provide an efficient, localized system to split water and 
produce high purity O2/H2 under unbiased or low applied bias (external potential) 
conditions. 
The use of homogenous water splitting catalysts in solution offers a variety of 
advantages for PEC applications, including fast reaction kinetics, low electric resistance, 
and facile photoelectrode fabrication. Moreover, on an industrial standpoint they unique 
 54 
advantages over heterogeneous co-catalysts, since stability of catalyst films in the face of 
prolonged gas evolution is not a factor, and it is more convenient to design flow systems 
that can replace inactivated homogenous catalysts. 
 
Figure 3.1 Molecular structure of Co9-POM (WO6: Grey Octahedra, CoO6: Pink 
Octahedra, PO4: Yellow Tetrahedra). Obtained with permission from from Ref. 131. 
[Co9(OH)3(H2O)6(HPO4)2(PW9O34)3]
16-
 (Co9-POM) is a high nuclearity 
nonacobalt POM which consists of three trilacunary B--keggin units, with three Co2+ 
ions occupying the octahederal vacant positions in each vacant fragment.131 Three 
hydroxyl bridges and two HPO4
- anions connect the three keggin fragments, forming a 
triangle of triangles. It has been studied as an active catalyst for homogenous and 
heterogenous electrocatalytic water oxidation.131 However, there are limited reports on its 
application for water reduction catalysis and PEC water splitting to the best of our 
knowledge. In this is study, we report for the first time the application of Co9-POM as an 
earth abundant homogenous co-catalyst for PEC water reduction with CuxSe 
photocathodes. 
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3.2 Materials and Methods 
3.2.1 Chemicals 
Copper sulfate pentahydrate (ACS reagent), sulfuric acid (ACS reagent), sodium 
tungtate dehydrate (99%), disodium phosphate (99%), and cobalt acetate tetrahydrate 
(Reagent grade) were obtained from Aldrich. Sodium acetate (99%) and sodium selenite 
(99.75%) were obtained from Matheson Coleman and Bell and Alpha Aesar respectively.  
Deionized water produced from Millipore Advantage 5 was used for the preparation of 
all aqueous solutions. 
3.2.2 Preparation of CuxSe Photocathodes and Co9-POM 
The CuxSe thin films were prepared by potentiostatic electrodeposition method
127 
on FTO substrates at -0.50 V vs Ag/AgCl (3.0 M KCl) in a bath containing 0.30 M 
CuSO4, 0.0050 M Na2SeO3 and 0.50 M H2SO4 for 15 min without stirring. The 
deposition bath was purged with N2 (Airgas) for 15 min before the electrodeposition, and 
a nitrogen blanket was maintained on the headspace throughout the experiment. Prior to 
the deposition of CuxSe, the FTO substrates were cleaned by sonication in deionized 
water, methanol, acetone, isopropanol, and deionized water, each for 15 min, 
respectively. This was followed by sintering at 673 K for 2 h and gradual cooling to 
produce the greyish-black CuxSe photoelectrode for study. No color change was observed 
during the heating process. Synthesis of Co9-POM catalyst was done adapting procedures 
reported previously.132 Briefly, 0.10 mol (33.00 g) of Na2WO4 and 0.023 mol (3.30 g) of 
Na2HPO4 were dissolved in 95 mL of water and the pH was adjusted to 7.0 using glacial 
acetic acid (~25 mL). This solution was added slowly in solution containing 0.036 mol 
(9.00 g) of Co(Ac)2 in 30 mL of water. The resulting violet mixture was refluxed for 2 h 
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and filtered. An aqueous solution of sodium acetate (0.020 mol (1.60 g) in 5 mL) was 
added to the filtrate, and it was slowly cooled resulting in the precipitation of a pink solid. 
The crude product was recrystallized in hot water and slowly evaporated to produce dark 
pink crystals of Co9-POM for the study. 
3.2.3 Physico-Chemical Characterization 
Scanning electron microscopic (SEM) images of CuxSe electrodes on FTO 
substrate were obtained with a Zeiss Sigma VP FEG SEM. An Evolution 300 Thermo-
Scientific spectrophotometer was used to obtain the UV-vis spectrum of CuxSe 
photoelectrodes. Mass spectrometric (MS) analysis of Co9-POM was conducted using a 
Thermo-Fischer LXQ ESI-ion trap mass spectrometer (Waltham, MA, USA). The MS 
spectrum was obtained using a 0.50 mg/mL sample concentration with water as the 
solvent, at a flow rate of 100 µL/min in negative ion mode. 
3.2.4 Photoelectrochemical Measurements 
PEC measurements were carried out in a three-electrode electrochemical setup 
using a 50 mL quartz beaker as the cell, with an Ag/AgCl (3.0 M KCl), Pt wire, and the 
FTO/CuxSe (1 cm
2) as the reference, counter and working electrodes, respectively. A 
0.050 M pH 9.0 borate buffer solution was used as the electrolyte for all experiments 
with and without the presence of 20 μM Co9-POM catalyst. Electrochemical impedance 
spectroscopic (EIS) measurements were carried out under open circuit potential with a 5 
mV AC signal super-imposed. Mott Schottky plots were collected at a frequency of 962 
Hz. An electrochemical workstation (CH instruments model 660 A) was used for 
conducting electrochemical experiments. Simulated solar light for PEC studies was 
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provided by a 150 W Xe lamp solar simulator (ABET technologies) with an AM 1.5 G 
filter providing a light intensity of 1000 W/m2 (1 sun). 
3.3 Results and Discussion 
3.3.1 Physico-Chemical Characterization 
The surface morphology of FTO/CuxSe films obtained by electrodeposition at -
0.5 V vs Ag/AgCl was characterized by scanning electron microscopy (SEM). Figures 
3.2a and 3.2b elucidate the SEM images recorded at 1.50 KX and 2.60 KX magnification 
respectively. A rough, densely covered, and spongy CuxSe photocatalyst film is observed. 
Apart from occasional agglomerations, the CuxSe film on FTO was evenly deposited with 
complete coverage. The spongy nature of the film and roughness renders a high surface 
area and presents more active spots for photocatalysis. This could result in high charge 
carrier mobility and photo-activity.12 
 
 
(a) 
 
(b) 
 
Figure 3.2 SEM images of electrodeposited CuxSe films with a deposition potential of -
0.5 V vs Ag/AgCl on FTO substrate at (a) 1.50 KX, and (b) 2.60 KX. 
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(a) 
 
(c) 
 
(b) 
 
 
 
(d) 
Figure 3.3 EDX maps of electrodeposited FTO/CuxSe films on FTO substrate at (a) Cu 
and (b) Se, using (c) the sample area. (d) EDX spectrum of FTO/CuxSe. 
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Figures 3.3a and 3.3b are the energy dispersive X ray (EDX) maps of an 
FTO/CuxSe sample area (Figure 3.3c), indicating the distribution of Cu and Se 
respectively. It can be seen from the map that Cu and Se are evenly dispersed across the 
measured area. Figure 3.3d is the EDX spectrum of FTO/CuxSe, showing the peaks for 
Cu, Se, Sn and O. Approximate weight percentages of Cu and Se were 72.42% and 
0.81% respectively, and corresponded to a Cu:Se mole ratio of 110:1. However, this 
estimation is based on the ability of the EDX detector to sense Se locally, and the relative 
distribution of local elements may cause under-estimation of obtained values. Figure 3.4 
provides the UV-vis spectrum of FTO/CuxSe, with FTO used as a blank during the 
measurement. A broad absorption range is observed across the visible part of the 
spectrum, and an approximate band gap of 1.48 eV was calculated (from the absorption 
edge at 840 nm), which is consistent with the range of values reported in the literature133-
134 for copper selenide films. Hence, CuxSe can effectively absorb light across a broad 
range of the solar spectrum. Mass spectrometry was used for the characterization of Co9-
POM (Figure 3.5). As revealed in Figure 3.5 and Table 3.1, a number of observed 
mass/charge (m/z) peaks, such as those at 969.26, 963.74, 958.25, 955.55, 952.25, 
950.00, 1957.15, 1934.00, 1923.00 and 1917.50, are consistent with the POM related 
fragments, [Na8X]
8-, [Na6H2X]
8-, [Na4H4X]
8-, [Na3H5X]
8-, [Na2H6X]
8-, [NaH7X]
8-, 
[Na11HX]
4-, [Na7H5X]
4-, [Na5H7X]
4- , and [Na4H8X]
4- respectively, where X = 
Co9(H2O)6(OH)3(HPO4)2(PW9O34)3. 
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Figure 3.4  UV-vis spectra of CuxSe film on FTO substrate. 
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(b) 
Figure 3.5 Mass spectra of Co9-POM catalyst in (a) 1900-1800 and (b) 940-980 m/z 
range. 
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Table 3.1 Mass spectral peak assignments for Co9-POM catalyst. 
Peaka 
m/z 
Formulab 
Experimental Predicted 
1 1917.50 1917.5 [Na4H8X]
4- 
2 1923.00 1923.00 [Na5H7X]
4- 
3 1934.00 1934.00 [Na7H5X]
4- 
4 1957.15 1956.5 [Na11HX]
4- 
5 950.00 950.00 [NaH7X]
8- 
6 952.25 952.75 [Na2H6X]
8- 
7 955.55 955.50 [Na3H5X]
8- 
8 958.25 958.25 [Na4H4X]
8- 
9 963.74 963.80 [Na6H2X]
8- 
10 969.26 969.25 [Na8X]
8- 
afrom Figure 3.4, bX = 
Co9(H2O)6(OH)3(HPO4)2(PW9O34)3,  
 
3.3.2 Photocurrent Measurements 
Photoelectrochemical studies were conducted for the understanding of 
photoelectrode-catalyst interactions and determining the overall effectiveness of Co9-
POM catalyst in rendering solar hydrogen production. 
As discussed in the Chapter I (Section 1.4.1.1), metal selenide films can be 
deposited by under-potential co-deposition technique. When the deposition potential is 
shifted further along the negative direction after initial reduction of Se4+ to Se0, the 
amount of metal increases (i.e. Cu in the present case) and the amount of Se decreases. 
This observation has been discussed in previous studies on the electrodeposition of metal 
selenides,135-136 and could have an effect on the photoelectrochemical behavior of CuxSe. 
Figure 3.6 depicts the effect of electrodeposition potential on photocurrent density of 
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FTO/CuxSe photocathodes at -0.40 V vs Ag/AgCl under simulated solar light irradiation. 
The maximum overall phootocurrent density is obtained for photoelectrode deposited at -
0.50 V vs Ag/AgCl. Hence, the FTO/CuxSe photocathodes deposited at -0.50 V were 
used for all further experiments. 
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Figure 3.6 Dependence of HER current density at -0.40 V vs Ag/AgCl on CuxSe 
electrodeposition potential. 
Figure 3.7 shows the linear sweep voltammograms obtained from FTO/CuxSe 
photocathodes in the absence (Figure 3.7a) and presence (Figure 3.7b) of water reduction 
catalyst Co9-POM (20 μM in 0.050 M pH 9.0 borate buffer) under dark conditions and 
the photocathodes in the absence (Figure 3.7c) and presence (Figure 3.7d) of Co9-POM 
catalyst (20 μM in 0.050 M pH 9.0 borate buffer) under simulated solar radiation, 
respectively. This catalyst concentration was chosen since higher amounts of catalyst lead 
to a loss in solubility and formation of mild pink coloured solutions/light absorption. In 
the absence of light illumination, it can be seen that negligible to small current is 
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produced both in the absence and presence of catalyst. Although, the overall current 
density in the presence of the catalyst (Figure 3.7b) is marginally higher in than in its 
absence (Figure 3.7a). On the other hand, under simulated solar irradiation, a 
photocurrent density of ~0.8 mA/cm2 at -0.40 V vs Ag/AgCl on the FTO/CuxSe 
photocathode in the absence of Co9-POM water reduction catalyst in solution. This 
photocurrent is increased to ~1.3 mA/cm2 after addition of catalyst. In other words, the 
photocurrent is 1.65 times that in Figure 3.7c. A ~0.1 V positive shift in the onset 
potential can also be observed in the presence of Co9-POM under dark, pointing at the 
electrocatalytic activity of Co9-POM. The photocurrents obtained at 0 V vs Ag/AgCl 
under illumination could be attributed to photo-induced charge carrier generation and 
polarization of the semiconductor electrode, resulting in electron transfer for water 
reduction. This has been explained in further detail in Chapter I (Section 1.1.2).  These 
above findings suggest that under the present experimental conditions, light irradiation is 
a prerequisite of water reduction and Co9-POM can effectively facilitate the reduction 
process. The increase in observed photocurrent in the presence of the catalyst points its 
effectiveness in enhancing electron-hole separation by electron capture from CuxSe to 
reduce water (as will be discussed in Section 3.3.3). Moreover, the positive shift in onset 
potential with added Co9-POM points at its catalytic activity for HER. The obtained 
results are comparable and higher compared to recent literature, as shown in Table 3.2. 
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Figure 3.7 Linear sweep voltammograms of FTO/CuxSe photocathodes in the (a) absence 
and (b) presence of water reduction catalyst Co9-POM (20 μM in 0.050 M pH 9.0 borate 
buffer) under dark conditions and FTO/CuxSe photocathodes in the (c) absence and (d) 
presence of water reduction catalyst Co9-POM (20 μM in 0.050 M pH 9.0 borate buffer) 
under simulated solar radiation at a scan rate 0.020 V/s. 
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Table 3.2 Comparison of photocurrents obtained at different reported photocathodes for 
water splitting under various experimental conditions. 
Photoelectrode Electrolyte Current 
Densitya 
(mA/cm2) 
Potential Eb Ref. 
Reported vs 
Ag/Ag
Cl 
Cu2O decorated 
with cocatalyst 
MoS2 
25% (v/v) 
methanol 
(scavenger) 
mixed with 
Na2SO4 (0.10 
mol L–1, pH 
= 7.0) 
aqueous 
solution 
~0.15 -0.10 V vs 
SCE 
-0.060 137 
Cu2O with NiFe-
layered double 
hydroxide co-
catalyst 
 
0.50 M 
Na2SO4 
solution 
 
~0.49 
 
-0.20 V vs 
Ag/AgCl 
 
-0.20 
 
138 
 
Cu2O photocathode 
with gold 
underlayer 
 
0.50 M 
Na2SO4 
~0.75 0.090  V 
vs RHE 
-0.40 139 
Cu2O/CuO 
heterojunction 
photoelectrode 
1 mM 
Na2SO4 
 
~1.05 
 
−0.60 V 
vs. 
Hg/HgCl2 
 
-0.56 
 
140 
 
Hierarchical Cu2O 
foam/g-C3N4 
photocathode 
 
0.1 M 
Na2SO4 at 
pH 7.0 
 
~1.2 
 
0.21 V vs 
RHE 
 
-0.40 
 
141 
 
CuxSe in the 
presence of 
solution-phase Co9-
POM 
20 μM Co9-
POM in 50 
mM borate 
buffer, pH 
9.0 
~1.3c,d  
mA/cm2 
-0.40 V vs  
Ag/AgCl 
(~0.328 V 
vs RHEc) 
-0.40 This 
work 
 
aPositive water reduction current densities have been reported as per ACS convention, bERHE=EAg/AgCl + 0.059pH + 0.197, 
c~0.30 
mA/cm2 at -0.060 V vs Ag/AgCl,d~0.80 mA/cm2 at -0.20 V vs Ag/AgCl. 
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3.3.3 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopic (EIS) measurements were conducted to 
further co-relate the results from photocurrent studies which point at the effect of Co9-
POM in increasing electron hole separation through electron collection and catalytic 
activity. The EIS spectra (Bode plots) obtained from FTO/CuxSe photocathodes under 
light (Figures 3.8A(a) and 3.8B(a)) and dark (Figures 3.8A(b) and 3.8B(b)) conditions in 
the absence (Figure 3.8A) and presence (Figure 3.8B) of water reduction catalyst Co9-
POM have been provided, in which the capacitive impedance values within low 
frequency regions under dark is much higher than those obtained under similar solar 
irradiation. This is expected because there is limited photo-induced electron-hole 
separation under dark conditions as compared with that under light. Figure 3.8C 
compares the bode plots of FTO/CuxSe photocathodes in the in the presence (Figure 
3.8C(a)) and absence (Figure 3.8C(b)) of homogenous water reduction catalyst Co9-POM 
in solution under simulated solar irradiation. It is clear that the low frequency capacitive 
impedance in the presence of catalyst is significantly lower than in its absence, indicating 
a higher double layer capacitance with Co9-POM in solution. This observation indicates 
the role of Co9-POM in rendering increased electron-hole separation through electron 
capture and catalytic activity, and complements the photocurrent data (shown in Figure 
3.7) which clearly elucidates the increased photocurrent density in the presence of Co9-
POM. 
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Figure 3.8 Bode plots of FTO/CuxSe photocathodes in the (A) absence and (B) presence 
of water reduction catalyst Co9-POM (20 μM in 0.050 M pH 9 borate buffer) under (a) 
simulated solar irradiation and (b) dark. (C) Bode plots of FTO/CuxSe photocathodes in 
the (a) presence and (b) absence of water reduction catalyst Co9-POM (20 μM in 0.050 M 
pH 9.0 borate buffer) under simulated solar irradiation. 
3.3.4 Mott Schottky Plots 
Mott Schottky analysis85 (Figure 3.9) is an EIS based technique which provides 
data on the relationship between applied potential and space charge frequencies. The x 
intercept of the Mott Schottky plot equals VFB + kT/e, where VFB is the flat band potential, 
k is Boltzmann constant, T is the temperature, and e is the charge of an electron. The 
charge carrier concentration (ND) across the semiconductor (with an area A and relative 
permittivity r) electrolyte interface can be computed from the slope of the Mott Schottky 
plot, in accordance with the following formula:85 
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𝑁D =
1.41 ×  1032(cm ×  F−2  ×  V−1)

r
 ×  𝐴2(cm4)  ×  I slope I (F−2  ×  V−1)
 
(3.1) 
The Mott Schottky measurements were conducted at a frequency of 962 Hz since 
a significant difference in capacitive impedance and space charge capacitance in the 
presence of catalyst under light illumination became more observable under the 1000 Hz 
frequency range (Figure 3.8 (C)). Moreover, this frequency has been used in other reports 
for studies on semiconductor electrodes and water splitting.142-144 It can be seen from the 
Figure 3.8 that the slope of the Mott Schoktty plot in the presence (Figure 3.9a) of Co9-
POM catalyst (-6.32  109) is lower than that in its absence (-2.72  1010, Figure 3.9b). 
Using the obtained Mott Schottky slopes, 1 cm2 electrode area, and r = 10,85 the values 
of ND in the absence and presence of catalyst were calculated to be 2.23  1021 and 5.18  
1020 respectively. The negative slope indicates p-type semi-conductivity, which is 
suitable for HER. The higher value of charge-carrier concentration in the presence of 
catalyst (~4.3 times) can be attributed to the increased electron-hole separation resulting 
from electron capture in the presence of the catalyst, and this observation complements 
data obtained from EIS (Figure 3.8) and photocurrent measurements (Figure 3.7). Hence, 
it is clear that Co9-POM can be an efficient co-catalyst for photoelectrochemical water 
reduction.  It can also be seen from the extrapolated x intercepts of the Mott Schottky plot 
that a more positive flat band potential can be expected in the presence of the catalyst due 
to increased electron-hole separation and band bending at the semiconductor electrolyte. 
Specifically, in presence of catalyst, the flat band potential is calculated to be ~0.43 V vs 
Ag/AgCl which is ~0.04 V positive as compared to that in the absence of catalyst (~0.39 
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V vs Ag/AgCl) On the basis of these observations and previous literature2, 12, 23, 34-35, 58, 91, 
94, 118 on co-catalysts for photoelectrochemical water reduction, the following thre- step 
mechanism can be proposed for water reduction by FTO/CuxSe photocathodes in the 
presence of Co9-POM: 
Step 1  ̶  Absorption of light by FTO/CuxSe photoelectrode and generation of 
electron-hole pairs: 
CuxSe + ℎυ → 4h
+ + 4e−                                                                                (3.2) 
Step 2  ̶  Electron capture from CuxSe by Co9-POM water reduction catalyst: 
Co9 − POM + 4e
−  → Co9 − POM(4e
−)
 
         (3.3) 
Step 3  ̶  Utilization of photogenerated electrons for reduction of water through 
catalytic pathways 
2H2O + Co9 − POM(4e
−) → 2H2 + 4e
−                    (3.4) 
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Figure 3.9 Mott Schottky plots of FTO/CuxSe photocathodes in the (a) presence and (b) 
absence of water reduction catalyst Co9-POM (20 μM in 0.050 M pH 9.0 borate buffer) 
under simulated solar irradiation. 
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3.3.5 Stability Studies 
The stability of FTO/CuxSe electrodes for photoelectrochemical water reduction 
in the presence of Co9-POM was evaluated by multiple-potential step and constant 
potential experiments using a typical three-electrode system. The applied potential was 
regularly shifted from 0 to -0.40 V vs Ag/AgCl in 3 s intervals for a time period of 2000 
s, and responses of photocurrent were recorded. Figures 3.10A and B provide the plots of 
photocurrent density vs time from a FTO/CuxSe electrode under multi-potential step 
excitations from two different time regions, namely 0-600 s and 1500-2000 s 
respectively. Though a decline in photocurrent observed, it is not a true indication of loss 
in stability since the accumulation of evolved hydrogen gas blocks the electrode surface. 
This is evidenced by a pattern of current spikes in the observed data, which result from 
gas release. After the stability measurement, the surface of the photoelectrode exhibited 
the presence of minor pits owing to extensive gas evolution from the electrode surface.  
There was no visible formation of films or color change. Figure 3.10C is the linear sweep 
voltammogram of the FTO/CuxSe photoelectrode after the stability measurement, and 
indicates a maximum photocurrent of ~1.15 mA/cm2 at -0.40 V vs Ag/AgCl. This is a 
minor change from the original photocurrent value (Figure 3.7) prior to stability testing 
(~1.3 mA/cm2) considering the harsh potential step conditions. 
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Figure 3.10 Stability studies of FTO/CuxSe photocathodes under simulated solar light in 
the presence of reduction with catalyst Co9-POM (20 μM in 0.050 M pH 9.0 borate 
buffer) for the time region of (A) 0-600 s, (b) 1500-2000 s, Potentials applied at step 1: 0 
V vs Ag/AgCl and step 2: -0.4 V vs Ag/AgCl. (c) Linear sweep voltammogram recorded 
after stability study. 
3.4 Conclusion 
Photoelectrochemical studies were conducted on electrodeposited FTO/CuxSe 
photocathodes in the presence of HER catalyst Co9-POM. The CuxSe films were 
characterized with SEM, EDX and UV-vis spectroscopy. The three-electrode 
photocurrent measurements revealed a significant increase in photocurrent and positive 
shift in onset potential of water reduction upon the addition of 20 μM Co9-POM HER 
catalyst. These observations were attributed to the increased electron-hole separation of 
CuxSe and catalysis of water reduction reaction resulting from capture and utilization of 
photo-generated electrons by the catalyst, as indicated by EIS and Mott Schottky plots. 
Moving forward with the results of this investigation, future studies on the use of 
homogenous POM based catalysts are expected to focus on their integration with higher 
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bandgap photoanodes and possible application as co-catalysts in tandem water splitting, 
with the objective of designing high efficiency solar fuel conversion devices. 
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CHAPTER IV – PHOTOELECTROCHEMICAL STUDIES ON TRANSITION METAL 
SELENIDE BASED CO-CATALYSTS FOR SOLAR WATER REDUCTION 
4.1 Introduction 
Hydrogen has the highest volumetric energy density amongst conventional fuels, 
and does not leave a carbon footprint.12, 14, 145 Photoelectrochemical (PEC) water splitting 
is an efficient strategy to produce high purity hydrogen under room temperature, and can 
be used in tandem with fuel cells to design innovative solar energy conversion devices. 
p-Cu2O
119-122 is a low cost, stable, p-type semiconductor which is being 
continuously optimized as a photocathode for solar water reduction. It has a band gap of 
about 2-2.5 eV145-147 which covers most of the visible region, and has its conduction band 
edge effectively matching the HER potential. 
Co-catalysts play a role in decreasing the hydrogen evolution overpotential and 
increasing electron-hole separation23, 34, 91, 94, 118 and photocurrent. Nobel metals like Pt 
and Ru have shown the maximum activity for hydrogen evolution,40-41 but the prohibitive 
cost of these materials necessitates the development of low cost alternatives. 
In recent years, non-noble transition metal based selenides,148-149 phosphides76-77 
and sulfides150-151 have been studied as potential replacements to Pt as HER catalysts.78, 94 
This has been related to enhancements in H-absorption/desorption kinetics upon addition 
of S, P or Se heteroatoms, as observed by theoretical studies.78-79, 151 They are stable 
under electrochemical conditions and a wide operating pH range. In addition, catalysts of 
tuned composition, thickness and morphology can be produced by simple, inexpensive 
deposition techniques such as electrodepositon. Studies on using these materials as co-
catalysts for photoelectrochemical water splitting have been relatively limited. 
 76 
In this chapter, the use of electrodeposited transition metal selenide based co-
catalysts for solar water reduction with FTO/Cu2O photocathodes is presented. Transition 
metal selenides are ahead of sulfides and phosphides for HER catalysis since bond 
strength can be considered a factor in enhancing hydrogen desorption from catalytic sites, 
and the strength of Se-H bonds (276 kJ/mol) 78 is lower than S-H (363 kJ/mol)78 and P-H 
(322 kJ/mol).78 Three electrodeposited HER photocathodes viz. FTO/Cu2O-CoxSe-NiySe, 
FTO/WSex, and FTO/MnSe will be comparatively analyzed for solar water reduction. 
Among these three, FTO/Cu2O-MnSe is shown to have the maximum photocurrent 
performance. Studies on impedance measurements and dependence of catalyst deposition 
time on film morphology and composition have been revealed. To our best knowledge, 
this is the first report on the use of MnSe as a co-catalyst for solar water splitting using 
Cu2O photocathodes. 
4.2 Materials and Methods 
4.2.1 Materials 
Copper sulphate pentahydrate (ACS reagent), lactic acid (85%), sodium 
hydroxide (98%), cobalt acetate tetrahydrate (Reagent grade), nickel chloride 
hexahydrate (99%), manganese chloride tetrahydrate (ACS Reagent), sodium tungstate 
dihyrate (>99%) and lithium chloride (99%) were obtained from Aldrich. Sodium selenite 
(99.75%) was obtained from Alfa Aesar. Deionized water produced from Millipore 
Advantage 5 was used for preparing all aqueous solutions. 
4.2.2 Physico-Chemical Characterization 
Scanning electron microscopic (SEM) images of FTO/Cu2O-MnSe electrodes on 
FTO substrate was obtained with a Zeiss Sigma VP FEG scanning electron microscope. 
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An Evolution 300 Thermo-Scientific spectrophotometer was used to obtain the UV-vis 
spectrum of Cu2O photoelectrodes. 
4.2.3 Preparation of Photocathodes 
FTO/Cu2O electrodes were prepared by potentiostatic electrodeposition technique 
in a lactic acid bath, which has been commonly adapted in number of current reports.147, 
152 The deposition bath consists of 0.40 M CuSO4, 3.0 M lactic acid and 4.0 M NaOH at 
pH 12.0.152 The FTO substrates were cleaned by sonication in deionized water, methanol, 
acetone, isopropanol, and deionized water, each for 15 min, respectively, and the 
electrodeposition was carried out at -0.45 V vs Ag/AgCl for 15 min without stirring. The 
electrolyte was purged with N2 (Airgas) for 15 min prior to electrodeposition, and a 
nitrogen gas blanket was maintained throughout the electrodeposition process. This was 
followed by annealing at 373 K for 2 h in air to produce the yellowish-orange FTO/Cu2O 
electrode for study. Figure 4.1 is the UV-Vis spectrum of FTO/Cu2O, which shows a 
prominent absorption edge at 510 nm corresponding to a band gap of 2.4 eV. This value 
is consistent with previous literature on Cu2O thin films.
145 
 
 
 
 78 
400 500 600 700 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
A
b
so
rb
a
n
ce
 
Wavelength (nm)
510 nm
 
Figure 4.1 UV-Vis spectroscopic plot of FTO/Cu2O (Blanked with FTO substrate). 
Underpotential electrodeposition was used for the deposition of transition metal 
chalcogenide based catalysts on FTO/Cu2O electrodes at a controlled thickness. The 
general mechanism of under potential electrodeposition has been provided in Section 
1.4.1.1 of the introduction (Chapter I). Electro-deposition baths and deposition voltages 
for the various catalysts prepared are provided in Table 4.1. 
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Table 4.1 Electrodeposition conditions for HER catalysts 
Photocathode Catalyst Deposition 
Bath 
Catalyst 
Deposition 
Potential vs 
Ag/AgCl 
Ref. 
FTO/Cu2O-CoxSe-
NiySe 
10.0 mM NiCl2, 10.0 
mM Co(Ac)2, 100 
mM Na2SeO3, pH 3.5 
-0.8 V 153 
FTO/Cu2O-WSex 
0.10 M Na2SeO3, 0.20 
M Na2WO4, pH 9.6 
-0.45 V 154 
FTO/Cu2O-MnSe 
10.0 mM MnCl2, 2.0 
mM Na2SeO3 
-0.7 V 155 
 
4.2.4 Photoelectrochemical Studies 
PEC measurements were carried out in a three-electrode electrochemical setup 
using a 50 mL quartz beaker as the cell, with Ag/AgCl (3.0 M KCl), a Pt wire, and 1 cm2 
FTO/Cu2O/M (where M=MnSe, CoxSe-NiySe, WSex) as the reference, counter, and 
working electrodes, respectively. Non-conducting parafilm was used to mask the 
electrode to attain the 1 cm2 working area. A 0.050 M pH 9.0 borate buffer solution was 
used as the electrolyte for all experiments with or without the presence of co-catalyst M 
of different thicknesses, and a scan rate of 0.020 V/s was used for photocurrent 
measurements. Electrochemical impedance spectroscopic (EIS) measurements were 
carried out under open circuit potential with a 5 mV AC signal super-imposed. An 
electrochemical workstation (CH instruments model 660 A) was used for used to conduct 
electrochemical experiments. Simulated solar light for PEC studies was provided by a 
150 W Xe lamp solar simulator (ABET technologies) with an AM 1.5 G filter providing a 
light intensity of 1000 W/m2 (1 sun). Figure 4.2 provides a representative cell scheme for 
photoelectrochemical water splitting using FTO/Cu2O-MnSe photocathodes. 
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Figure 4.2 PEC cell representation for water splitting using FTO/Cu2O-MnSe 
photocathodes. 
4.3 Results and Discussion 
4.3.1 Photocurrent Measurements and Effect of Catalyst Thickness 
Photoelectrochemical studies were conducted for the understanding of 
photoelectrode-catalyst interactions and determining the overall effectiveness of 
transition metal chalcogenide based catalysts in rendering solar hydrogen production. 
In the case of heterogeneous solid state HER catalysts, it is important to control 
the electrodeposition time so as to produce a catalyst film of optimal thickness and 
coverage. A higher catalyst film thickness could lead to increased distance for charge 
transfer and result in recombination, in addition to increasing resistance and lowering 
overall conductivity. Figures 4.3 elucidates the relationship between photocurrent and 
electrodeposition time for FTO/Cu2O-MnSe (Figure 4.3A), FTO/Cu2O-WSex (Figure 
4.3B) and FTO/Cu2O-CoxSe-NiySe (Figure 4.3C) at -0.45 V, -0.40 V, and -0.45 V  vs 
Ag/AgCl respectively. It can be seen that the maximum photocurrent increases with 
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increasing thickness up to a maximum optimal point, after which it starts decreasing. The 
decrease in maximum photocurrent could be attributed to increased resistance and 
increased electron-hole recombination due to a higher distance of charge transfer. It can 
be seen that the FTO/Cu2O-MnSe photocathodes deposited for 20 min produce a 
maximum current density of ~2 mA/cm2 at -0.45 mA/cm2 under simulated solar 
irradiation (Figure 4.3A), while the FTO/Cu2O-CoxSe-NiySe (Figure 4.3C) and 
FTO/Cu2O-WSex (Figure 4.3B) electrodes produce a maximum photocurrents of 0.65 and 
0.95 mA/cm2 at -0.45 and -0.40 V vs Ag/AgCl respectively. 
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Figure 4.3 Relationship between HER current density at -0.45 V (A,C) or -0.40 V (B) vs 
Ag/AgCl  and catalyst electrodeposition time for (A) FTO/Cu2O-MnSe, (B) FTO/Cu2O-
CoxSe-NiySe and (C) FTO/Cu2O-WSex 
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Figures 4.4 and 4.5 are the SEM images of FTO/Cu2O-MnSe photocathodes, 
depicting the comparison between MnSe catalysts electrodeposited for 20 min (Figure 
4.6) and 40 min (Figure 4.5). Figures 4.6a and 4.6b are the EDX spectra of FTO/Cu2O-
MnSe films electrodeposited for 20 min and 40 min respectively, in which C signal is 
from the conductive tape and the rest of the elements are constant with the film 
composition. Table 4.2 provides the weight % and mass ratio and molar ratio of Mn to 
Se. A molar ratio of 1:1 was estimated for the MnSe catalyst deposited at 20 min. On the 
other hand, a deposition time of 40 min produced a 2:3 molar ratio of Mn to Se. In 
general, a porous, spongy catalyst morphology is seen from the SEM images recorded at 
5.00 KX (Figure 4.4a and 4.5a) and 15.00 KX (Figure 4.4b and 4.5b) magnification. 
However, catalyst films deposited for 20 min are less tightly packed and appear as islands 
compared to the thick, tightly packed films that were formed after a 40 min deposition 
duration. In addition to decreasing electron-hole recombination, the less packed 
morphology of the film deposited for 20 min leads could provide more active edge spots 
for HER catalysis. This is evidenced by the greater current density observed at 20 min 
(Figure 4.3). 
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(a) 
 
(b) 
 
Figure 4.4 SEM images of MnSe films electrodeposited for 20 min on FTO/Cu2O 
substrate at (a) 5.00 KX and (b) 15.00 KX. 
 
 
 
(a) 
 
(b) 
 
Figure 4.5 SEM images of MnSe films electrodeposited for 40 min on FTO/Cu2O 
substrate at (a) 5.00 KX and (b) 15.00 KX. 
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(a) 
 
(b) 
Figure 4.6 Energy dispersive X ray spectra of MnSe films electrodeposited on FTO/Cu2O 
for (a) 20 min and (b) 40 min. 
 
Table 4.2 Se to Mn ratios in electrodeposited MnSe films. 
Parameter Time 
20 min 40 min 
Element Se Mn Se Mn 
Weight % 35.37 21.4 25.54 44.6 
Mass Ratio 1.4 1 1 2.1 
Molar Ratio 1 2 1 3 
 
Figures 4.7 and 4.8 provide the linear sweep voltammograms of FTO/Cu2O under 
dark (Figure 4.7a) and under simulated solar light illumination (Figure 4.7b), as 
compared to that obtained from FTO/Cu2O-CoxSe-NiySe (Figure 4.7c), FTO/Cu2O-MnSe 
(Fig 4.8d) and FTO/Cu2O/WSex (Figure 4.7d), and under simulated solar irradiation. In 
addition to a significant positive shift in the onset potential, FTO/Cu2O-MnSe produces 
hydrogen evolution current density at -0.45 V vs Ag/AgCl (3.0 M KCl) that is ~7 time of 
from FTO/Cu2O under simulated solar irradiation is ~10 times higher in the presence of 
electrodeposited MnSe catalyst when compared to its absence. It is also evident that the 
MnSe offers the best HER performance amongst the transition metal chalcogenide based 
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co-catalysts studied. Specifically, current density is ~3.1 times of that from FTO/Cu2O-
CoxSe-NiySe at -0.45 V, and ~1.4 times of that from FTO/Cu2O-WSex at -0.40 V vs 
Ag/AgCl (3.0 M KCl). This increase in current density is attributed to increased electron-
hole separation by electron capture and catalytic activity for HER (as discussed further in 
Section 4.3.2). There have been no reports on the use of MnSe as a co-catalyst for solar 
water reduction as of the date, and the obtained current densities are seen to be higher 
than or comparable to those reported in a variety of recent literature on the use of Cu2O 
photocathodes for solar water splitting.137-141 A comparison table (Table 2.2) has been 
provided in Chapter II. Moreover, this study has been carried out under aqueous 
conditions in near-neutral pH, which facilitates better practical application as compared 
with acidic electrolytes used in other reports. 
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Figure 4.7 Linear sweep voltammogram of (a) FTO/Cu2O under dark compared to (b) 
FTO/Cu2O, (c) FTO/Cu2O-CoxSe-NiySe, (d) FTO/Cu2O-MnSe under simulated solar 
irradiation. 
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Figure 4.8 Linear sweep voltammogram of (a) FTO/Cu2O and (b) FTO/Cu2O-WSex 
under dark, compared to (c) FTO/Cu2O and (d) FTO/Cu2O-WSex under simulated solar 
irradiation. 
4.3.2 Electrochemical Impedance Spectroscopic (EIS) Studies 
As discussed in Section 4.3.1 about photocurrent measurements on transition 
metal chalcogenide- based photocathodes, it can be clearly seen that FTO-Cu2O/MnSe 
produced the maximum photocurrent of ~2 mA/cm2 at -0.45 V vs Ag/AgCl (Figure 4.7d) 
Electrochemical impedance spectroscopic (EIS) measurements provide further 
information on the effect of catalysts in increasing electron-hole separation.  Figure 4.9 
compares the EIS spectra of FTO/Cu2O electrode (Figure 4.9a) and FTO/Cu2O-MnSe 
(Figure 4.9b) under simulated solar irradiation. It can be seen from the figures that the 
low frequency capacitive impedance in the presence of MnSe is significantly lower in the 
presence of catalyst than that in its absence. Since the capacitive impedance is inversely 
proportional to double layer capacitance,86 it can be deduced that the double layer 
capacitance is higher with the presence of MnSe catalyst. The increase in double layer 
capacitance is attributed to increased electron-hole separation at the semiconductor-
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electrolyte interface due to electron capture by MnSe for water reduction catalysis. This 
observation complements measurements from photocurrent measurements, which 
provided evidence of an increase in photocurrent by a factor of ~7 at -0.40 V vs Ag/AgCl 
upon addition of catalyst as a result of increased electron-hole separation and catalytic 
activity (Figure 4.7). 
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Figure 4.9 Electrochemical impedance spectroscopic plots of (a) FTO/Cu2O-MnSe 
compared to (b) FTO/Cu2O under simulated solar irradiation. 
4.4 Conclusion 
In this chapter, the use of metal chalcogenide based co-catalysts for solar water 
reduction using electrodeposited Cu2O photocathodes has been demonstrated. It was seen 
from photocurrent measurements and SEM that catalyst deposition time influenced 
thickness and morphology, and played a role in the overall HER performance. A 
maximum photocurrent of ~2 mA/cm2 at -0.45 V vs Ag/AgCl was observed from 
FTO/Cu2O-MnSe photocathode of optimized thickness. EIS measurements showed an 
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increase in space charge capacitance in the presence of the catalyst, as opposed to its 
absence. This was contributed to the effect of MnSe catalyst in increasing electron-hole 
separation through electron capture for catalytic activity. Considering there have been no 
previous studies on the use of MnSe as a co-catalyst for solar water reduction using Cu2O 
photocathodes, this study provides insight the photoelectrochemical behaviour of this 
system. Due to its excellent activity for HER, FTO/Cu2O-MnSe photocathodes can be 
used in multiple absorber solar water splitting. This will be elaborated further in Chapter 
VI. 
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CHAPTER V - PHOTOELECTROCHEMICAL STUDIES ON TRANSITION METAL 
PHOSPHIDE AND SELENIDE BASED PHOTOANODES FOR SOLAR WATER 
OXIDATION 
5.1 Introduction 
The intermittent nature of solar energy and area requirements for grid storage 
necessitates the development of efficient conversion and storage technologies. Solar to 
fuel conversion is an effective strategy to convert solar energy directly to chemical fuel.12, 
14, 20, 29 Photolectrochemical (PEC) water splitting is a safe, localized and room 
temperature method to utilize solar energy to produce high purity hydrogen and 
oxygen.12, 14, 20, 29 
A wide spectrum of research has been carried out in the development of 
semiconductor based photoelectrodes for PEC water splitting, as well documented in the 
literature.12, 20, 23, 26, 29, 90 However, the high energy barrier required for water oxidation 
(1.23 V vs SHE under standard conditions29), in addition to losses from ineffective light 
absorption and separation of photogenerated electrons and holes pose severe limitations 
on the ability of single absorber based solar water splitting systems under unbiased or low 
biased conditions.34, 90 The prohibitive cost of these noble metal based catalysts 
necessitates the need for the development of alternate earth abundant non-noble metal 
based catalysts for efficient solar to hydrogen conversion by water splitting.2, 34, 91 
In recent years, heterogeneous catalysts based on transition metal phosphides,72, 
74-77 selenide,69-72 and sulphides have been considered as bifunctional catalysts for water 
splitting. Initial studies on Fe,71 Co,70 and Ni69, 72 selenide based materials have indicated 
efficient catalytic performance for OER. The addition of electronegative Se2- ligands in 
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the vicinity of catalytically active metal sites could result in accelerated delivery of 
dioxygen molecules due to 3d-2p repulsions and negative charge localized on Se sites.71-
72, 78 
A majority of metal phosphides74 have properties comparable to metals and 
ceramics. They possess excellent heat and electrical conductivity, in addition to being 
thermally and chemically stable. Transition metal phosphides have been reported to have 
activity for electrocatalytic water oxidation.72, 75 They can be oxidized to higher valances 
and transformed into metal oxides/hydroxides in the OER environment. A few studies in 
literature have attributed the high oxidation ability of transition metal phosphides to the 
formation of a core-shell structure (oxide@metal phosphide).80-81 
The use of transition metal selenides and phosphides as co-catalysts for 
photoelectrochemical water oxidation are limited in literature as of current writing. In this 
chapter, two of the best performing photoanodes based on transition metal phosphide and 
selenide based co-catalysts viz. FTO/Fe2O3-FeSe and FTO/BiVO4-CoxP will be discussed 
in detail with emphasis on photoelectrochemical studies to determine to the role of 
catalyst in increasing the activity of solar water oxidation. 
5.2 Materials and Methods 
5.2.1 Materials 
Bismuth nitrate pentahydrate (analytical reagent) and sodium acetate (99%) were 
obtained from Mallinckrodt and Matheson Coleman and Bell, respectively. Vanadyl 
sulphate hydrate (99.9%)   and sodium selenite (99.75%) were obtained from Alfa Aesar. 
Iron (II) sulphate heptahydrate (99%), cobalt chloride hexahydate (ACS reagent) and 
sodium hypophosphite (99%) were obtained from Aldrich. Deionized water produced 
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using a Millipore Advantage 5 system was used as a solvent for preparing all aqueous 
solutions. 
5.2.2 Preparation of Photoanodes 
Fe2O3 photoanodes were prepared by potentiostatic electrodeposition.
156  The 
working electrode consisted of 1 cm2 FTO, which was cleaned by sonication in deionized 
water, acetone, isopropanol and deionized water, each for 15 min, respectively. Ag/AgCl 
(3.0 M KCl) and a Pt wire were used as the reference and counter electrodes. The 
solution was purged with nitrogen gas for 15 min to prevent competitive oxygen 
reduction, and the deposition was carried out at -1.0 V vs Ag/AgCl (3.0 M KCl) for 10 
min in a bath consisting of 10.0 mM FeSO4 at pH 10.5 (adjusted with NaOH). The orange 
colored as-deposited films were annealed in air at 773 K for 2 h to produce the yellow-
orange FTO/Fe2O3 electrode for study. The FeSe catalyst was deposited
157 on FTO/Fe2O3 
by electrodes by electrodeposition at -0.90 V vs Ag/AgCl in a bath consisting of 10.0 
mM FeSO4 and 10.0 mM Na2SeO3 to produce the FTO/Fe2O3-FeSe photoanode. Catalyst 
thickness was controlled by altering the deposition time. 
BiVO4 films were electrodeposited
99 on clean 1 cm2 FTO electrodes at 1.90 V vs 
Ag/AgCl in a bath consisting of 35.0 mM Bi(NO3)3 and 10.0 mM VOSO4 (pH adjusted to 
5.0 with HNO3) for 10 min without stirring. Pt and Ag/AgCl (3.0 M KCl) were used as 
the counter and reference electrodes during the deposition. The electrodeposited films 
were then annealed at 673 K for 2 h to prepare the light-yellow FTO/BiVO4 photoanode. 
CoxP water oxidation catalyst films
158 of controlled thicknesses were coated on the 
BiVO4 photoanode by consecutive linear scans between -0.30 and -0.90 V vs Ag/AgCl 
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(3.0 M KCl) at 0.005 V/s in a deposition bath containing 50.0 mM CoCl2, 0.50 M 
NaH2PO2 and 0.10 M CH3COONa. 
Figures 5.1a and 5.1b are the UV-vis spectra plots of FTO/Fe2O3 and FTO/BiVO4 
photoanodes, respectively. It can be seen that both the photoanodes absorb light in the 
visible region. An absorption edge at 575 nm (Figure 5.1a) corresponds to an 
approximate band gap of 2.15 eV in FTO/Fe2O3, whereas FTO/BiVO4 had an adsorption 
band at 545 nm (Figure 5.1b) corresponding to a band gap of 2.27 eV. 
Figure 5.1 UV-vis spectra of (a) FTO/Fe2O3 and (b) FTO/BiVO4 photoanodes (Blanked 
with FTO). 
5.2.3 Physico-chemical Characterization 
Scanning electron microscopic (SEM) images of FTO/BiVO4-CoxP electrodes on 
FTO substrate were obtained with a Zeiss Sigma VP FEG SEM. An Evolution 300 
Thermo-Scientific spectrophotometer was used to obtain the UV-vis spectrum of 
photoelectrodes, with FTO substrate used as blank. 
 
 
400 500 600 700
0.0
0.2
0.4
0.6
0.8
1.0
1.2
A
b
so
rb
a
n
ce
 
Wavelength (nm)
575 nm
 
400 500 600 700
0.10
0.15
0.20
0.25
0.30
0.35
0.40
A
b
so
rb
a
n
ce
 
Wavelength (nm)
545 nm
 
 94 
5.2.4 Photoelectrochemical Studies 
PEC measurements were carried out in a three-electrode electrochemical setup 
using a 50 mL quartz beaker as the cell, an Ag/AgCl (3.0 M KCl) as the reference 
electrode, a Pt wire as the counter electrode, and 1 cm2 FTO/M (where M=Fe2O3-FeSe 
and BiVO4-CoxP) as the working electrode, respectively. A 0.050 M pH 9.0 borate buffer 
solution was used as the electrolyte for all experiments with or without the presence of 
catalyst M of different thicknesses. Electrochemical impedance spectroscopic (EIS) 
measurements were carried out under open circuit potential with a 5.0 mV AC signal 
super-imposed. Mott Schottky plots were obtained at a frequency of 962 Hz. An 
electrochemical workstation (CH instruments, Model 660 A) was used to conduct 
electrochemical experiments. Simulated solar light for PEC studies was provided by a 
150 W Xe lamp solar simulator (ABET technologies) with an AM 1.5 G filter providing a 
light intensity of 1000 W/m2 (1 sun). Figure 5.2 provides a representative cell scheme for 
photoelectrochemical water splitting using FTO/BiVO4-CoxP photoanodes. 
 
Figure 5.2 Representative cell scheme for photoelectrochemical water splitting using 
FTO/BiVO4-CoxP photoanodes. 
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5.3 Results and Discussion 
5.3.1 Photocurrent Measurements 
Photocurrent measurements were carried out for the purpose of evaluating overall 
photoanode and catalyst performance. They also provide an understanding of the role of 
catalyst in increasing electron-hole separation by hole capture for catalytic activity. 
Figures 5.3 and 5.4 are the plots of catalyst deposition time vs maximum photocurrent for 
FTO/Fe2O3-FeSe and FTO/BiVO4-CoxP respectively. 
It can be seen that the photocurrent increases with deposition time up to certain 
maximum values, which is -0.27 mA/cm2 and -0.67 mA/cm2 for FTO/Fe2O3-FeSe (Figure 
5.3) and FTO/BiVO4-CoxP (Figure 5.4) photoanodes respectively. Beyond this point, the 
photocurrent decreases. The decrease in photocurrent could be attributed to increase in 
overall resistance caused by increase in film thickness, as well as increased distance for 
charge transport which could result in electron-hole recombination. 
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Figure 5.3 Catalyst deposition time (thickness) vs current density for FTO/Fe2O3-FeSe 
photoanodes at 0.70 V vs Ag/AgCl. 
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Figure 5.4 Catalyst deposition linear scans (thickness) vs current density for FTO/BiVO4-
CoxP photoanodes at 0.70 V vs Ag/AgCl. 
 
The linear sweep voltammogram for FTO/Fe2O3 photoanodes in the presence and 
absence of electrodeposited FeSe catalyst is given in the Figure 5.5. Under simulated 
solar light illumination (Figures 5.5a and b), a maximum photocurrent density of -0.27 
mA/cm2 was observed at 0.70 V vs Ag/AgCl in the presence of FeSe catalyst (Figure 
5.5a), which is significantly larger than that obtained from FTO/Fe2O3 photoanodes 
(Figure 5.5b). Under dark conditions (Figures 5.5c and d), the overall current density is 
negligible, although the dark current in the presence of FeSe is marginally higher than its 
absence due to electrocatalytic activity for OER. 
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Figure 5.5 Linear sweep voltammograms of FTO/Fe2O3 photoanodes in the (a) presence 
and (b) absence of FeSe under simulated solar radiation, as compared to those in the (c) 
presence (d) absence of FeSe under dark conditions. See Section 5.2.4 for experimental 
conditions 
In the case of FTO/BiVO4-CoxP photoandes, the comparative linear sweep 
voltammograms are provided in Figures 5.6A (under dark) and 5.6B (under simulated 
solar illumination). The electrocatalytic activity of CoxP is clearly evident in Figure 5.6A, 
which compares the OER performance of BiVO4 photoanodes in the presence (Figure 
5.6A(a)) and absence (Figure 5.6A(b)) of catalyst under dark. It can be seen that the OER 
onset potential under dark conditions shifts by ~0.15 V vs Ag/AgCl in the negative 
direction in the presence of electrodeposited CoxP. Under simulated solar irradiation, a 
maximum current density of -0.67 mA/cm2 can be observed in the presence of CoxP at 
0.70 V vs Ag/AgCl (Figure 5.6B(a)), which is ~3.5 times greater than that in its absence 
(Figure 5.6B(b)). 
The increase in photocurrents in the presence of catalyst can be attributed to 
increased electron-hole separation through hole capture by the catalyst for catalytic 
 98 
activity. This is explained further in terms of space charge capacitance and overall charge 
carrier concentration in the next Section. 
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Figure 5.6 (A) Linear sweep voltammograms of FTO/BiVO4 photoanodes in the(a) 
presence of and (b) absence of CoxP under dark conditions. (B) Linear sweep 
voltammograms of FTO/BiVO4 photoanodes in the (a) presence and (b) absence of CoxP 
under simulated solar irradiation. 
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5.3.2 Electrochemical Impedance Spectroscopy and Mott Schottky Plots 
Electrochemical impedance spectroscopic (EIS) measurements were conducted to 
further corelate the results from photocurrent studies which point at the effect of catalyst 
in increasing electron hole separation through hole capture and catalytic activity. Figures 
5.7a and 5.7b are the EIS spectra (Bode plots) obtained from FTO/Fe2O3 photoanodes 
under simulated solar irradiation conditions in the presence and absence of 
electrodeposited solid-state water oxidation catalyst FeSe. It can be seen from the figure 
that the low frequency capacitive impedance in the presence of catalyst is significantly 
lower than in its absence, indicating a higher double layer capacitance with 
electrodeposited FeSe catalyst. This observation indicates the role of FeSe in rendering 
increased electron-hole separation through hole capture and catalytic activity, and 
complements data from photocurrent measurements which clearly elucidate the increased 
photocurrent density in the presence of FeSe. 
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Figure 5.7 Electrochemical Impedance spectra of FTO/FeSe photoanodes in the (a) 
presence and (b) absence of FeSe under simulated solar irradiation. 
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As noted in Section 5.3.1, it can be seen that FTO/BiVO4-CoxP photoanodes 
produced a maximum photocurrent density of -0.67 mA/cm2 at 0.70 V vs Ag/AgCl, 
which is higher than that from the FTO/Fe2O3-FeSe photoanode by a factor of 2.5. Mott 
schottky analysis (Figure 5.8) is an EIS based technique which provides data on the 
relationship between applied potential and space charge frequencies to compare the 
overall charge carrier density in the presence and absence of catalyst. 
It can be seen from the Figure 5.8 that the slope of the Mott Schottky plot in the 
presence of CoxP catalyst (1.66  1010) is lower than that in its absence (5  1010). The 
positive slope of the Mott Schottky plot indicates n-type semi-conductivity, which is 
suitable for photoanodes. Using the obtained Mott Schottky slopes, 1 cm2 electrode area, 
and relative permittivity r = 10, the values of ND (Eq. 3.1) in the absence and presence of 
catalyst were calculated to be 2.82  1020 and 8.49  1020 respectively. It can also be seen 
from the extrapolated x intercepts of the Mott Schottky plot that a more negative flat 
band potential can be expected in the presence of the catalyst due to increased electron-
hole separation at the semiconductor electrolyte interface. The higher value of charge-
carrier concentration in the presence of CoxP can be attributed to increased electron-hole 
separation resulting from hole capture in the presence of the catalyst, and this observation 
complements data obtained from photocurrent measurements on FTO/BiVO4-CoxP 
(Figure 5.8). 
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Figure 5.8 Mott Schottky plots of FTO/BiVO4 photoanodes in the (a) absence of and (b) 
presence of CoxP under simulated solar irradiation. 
It is evident from comparing the photocurrent measurements (Figure 5.5 vs 5.6) 
that the maximum water oxidation performance was observed from FTO/BiVO4-CoxP 
photoanodes. Hence, the surface morphology, dissolved oxygen measurements and 
stability measurements in this system are provided below to explain the OER 
performance and limits in further detail. 
5.3.3 Surface Morphology of FTO/BiVO4-CoxP Photoanodes 
Scanning electron microscopy (SEM) was used to study the surface morphology 
of FTO/BiVO4-CoxP photoanodes deposited with 12 linear scans (see Section 5.2.2). 
Figures 5.9a and 5.9b are the SEM images of FTO/BiVO4-CoxP photoanodes at 4 KX and 
10X magnification respectively. An evenly distributed layer of microspheres is observed, 
with the catalyst particle size ranging from approximately 1 to 2 m. Figure 5.10 is the 
EDX spectrum of FTO/BiVO4-CoxP, depicting the characteristic peaks for Bi, V, O, Sn, 
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Co, and P. Approximate weight percentages of Co and P were 8.50% and 0.78% 
respectively, corresponding to an estimate Co to P molar ratio of 6:1. This is based on the 
ability of the EDX detector to sense local elements and the relative distribution of BiVO4 
and SnO2, which provides an approximate estimation on the possible compositional 
nature of the catalyst. 
 
(a) 
(b) 
Figure 5.9 SEM images of FTO/BiVO4-CoxP photoanodes at (a) 4KX and (b) 10 KX. 
 
Figure 5.10 EDX spectrum of FTO/BiVO4-CoxP photoanode. 
5.3.4 Dissolved Oxygen Measurements 
Dissolved oxygen (DO) measurements were performed using three-electrode 
multi-potential step voltammetric experiment. The applied bias was alternatively swept 
between 0 and 1.10 V over 3 second intervals. A Clark electrode type dissolved oxygen 
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sensor was used for the measurements, and the electrochemical cell was degassed with N2 
gas for a period of 15 min prior to measurements. During the actual tests, a nitrogen gas 
blanket was placed in the cell headspace. Figures 5.11a and b are comparative DO 
measurements in ppm from FTO/BiVO4 and FTO/BiVO4-CoxP photoanodes under 
simulated solar irradiation. It can be clearly seen that the maximum oxygen produced in 
the presence of catalyst is ~2.75 times higher than in its absence at 200 s. The average 
Faradaic efficiencies for BiVO4 photoelectrodes in the presence and absence of catalyst 
were estimated to be 210.5% and 190% respectively. Dispersion of local DO 
concentrations relative to the sensor could have led to potential over-estimation of 
obtained values and the Faradiac efficiencies calculated, but the overall trends in DO 
confirm results from photocurrent and Mott Schottky plots on the role of CoxP in 
enhancing OER performance. 
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Figure 5.11 Dissolved oxygen measurements FTO/BiVO4 photoanodes in the (a) absence  
and (b) presence of CoxP under simulated solar irradiation. 
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5.3.5 Stability Studies 
The stability of FTO/BiVO4 electrodes for photoelectrochemical water oxidation 
in the presence of CoxP was evaluated by multiple-potential step and constant potential 
experiments using a typical three-electrode system. The applied potential was regularly 
shifted from 0 to 1.10 V vs Ag/AgCl in 5 s intervals for a time period of 3400 s, and 
responses of photocurrent were recorded. Figures 5.12 (A), (B) and (C) are the plots of 
photocurrent density vs time from a FTO/BiVO4 electrode under multi-potential step 
excitations in across the full range, 0-400 s, and 3000-3400 s, respectively. The pattern of 
spikes in the observed data is due to the blocking and release of oxygen gas on the 
electrode surface during the oxidation process. Comparing the data between Figure 5.12 
(B) and 5.12 (C), the overall change in water oxidation current density at 1.10 V vs 
Ag/AgCl is relatively small (~0.1 mA/cm2 or -6.2%). No loss of catalyst coating was 
visibly observed at the end of the experiment. Considering these observations and the 
operating potential range, FTO/BiVO4-CoxP can be used as a stable photoanode for water 
oxidation. 
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Figure 5.12 Stability studies of FTO/BiVO4-CoxP photoanodes under simulated solar 
light for the time region of (A) 0-3400 s, (b) 0-400 s, and (c) 3000-3400 s. Potentials 
applied at a: 1.10 V vs Ag/AgCl and b: 0 V vs Ag/AgCl. 
5.4 Conclusion 
In this chapter, two photoanodes viz FTO/Fe2O3-FeSe and FTO/BiVO4-CoxP 
based on metal chalcogenide co-catalysts have been reported for PEC water oxidation. 
Photocurrent measurements on optimized photoelectrodes showed increased OER current 
densities due to catalytic activity and increased charge sepa123ration. Impedance 
spectroscopic studies and Mott Schottky plots indicated the effect of co-catalysts in 
increasing electron-hole separation and overall charge carrier density. This trend was 
reflected in dissolved oxygen measurements, which provided definitive evidence of 
increased oxygen evolution in the presence of CoxP co-catalyst. A few further 
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experiments have been performed on the use of these photoanodes towards tandem solar 
water splitting, and are depicted in the next chapter. 
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CHAPTER VI – PHOTOELECTROCHEMICAL STUDIES ON TANDEM SOLAR 
WATER SPLITTING 
6.1 Introduction 
Photoelectrochemistry combines the abundance of solar energy with the low 
temperature, controlled and localized nature of electrochemical process design, offering 
an effective platform for the production of hydrogen from water, which is one of the 
earth’s most abundant natural resources. Photoelectrochemical (PEC) water splitting is a 
versatile strategy for the direct solar to hydrogen conversion at room temperature.12 
In typical solar water splitting systems, a single semiconductor light absorber i.e. 
a photoanode or a photocathode absorbs photons to produce electron-hole pairs that split 
water. A variety of n-type and p-type semiconductor photoelectrodes,12, 20, 23, 26, 29, 90 such 
as TiO2,
110, 112, 159 BiVO4,
99 and p-Cu2O
119-122 have been reported. However, as described 
in Section 1.2.3.2 of the introduction (Chapter I), the use of a single light absorber for 
solar water splitting limits solar energy utilization and results in lower overall solar to 
hydrogen conversion (%STH) efficiencies.31  In addition, there is a trade-off between 
semiconductor materials that possess valance and conduction band edges matching 
HER/OER potentials and bandgap/stability. 
The use of multiple light absorbers can increase overall solar energy utilization 
and in addition provide a solution to the trade-off between overall band gap and band 
edge positioning specific to solar water oxidation and water reduction. In a typical duel 
absorber 4 photon (D4) cell,32  two light absorbing semiconductors absorb a total of four 
photons to produce four electron hole pairs required to split one molecule of water. 
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Considering these factors, multiple absorber based photoelectrochemical cells can 
provide more efficient overall water splitting performance. 
Co-catalysts currently used for photoelectrochemical water splitting in tandem 
cells have primarily been based on noble metals such as Pt and Ru.40-41 However, the 
high cost of these materials necessitates studies on earth abundant and non-noble metal2, 
34-35, 91 based HER and OER catalysts. In previous chapters, photoelectrochemical studies 
on transition metal polyoxometalates in solution and solid-state co-catalysts based on 
metal chalcogenides have been described. This chapter focuses on their water splitting 
performance in duel absorber configurations. 
Due to high cost and presence of indirect band gaps in crystalline Si, it cannot be 
used efficiently in flexible and light weight photovoltaics. A few recent studies have 
focused on amorphous Si triple junction (3 jn Si) based materials for photovoltaic160 and 
photoelectrochemical39 applications. This configuration can greatly enhance solar energy 
utilization owing to the presence of three distinct p-n junctions and result in progressive 
absorption of different wavelengths of light.160 They could be combined with HER 
photocathodes and can serve as an alternative to metal oxide  photoanodes in multiple-
absorber basedIn this chapter, two-electrode with zero bias photocurrent measurements 
will be performed to study the overall water splitting performance of duel absorber cells 
based on co-catalysts and photoelectrodes discussed in previous chapters. Duel absorber 
configurations based on metal oxide photoanode/photocathode and 3jn Si 
photoanode/photocathode with non-noble metal based co-catalysts were studied to 
compare the difference between overall photocurrents and in single absorber and tandem 
cell based systems. Reports on multiple absorber cells based entirely on non noble metal 
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based co-catalysts are limited in literature. These studies highlight the best performing 
systems based on co-catalysts discussed in this dissertation, and would offer initial 
insights into further research towards the development of non-noble metal based water 
splitting cells. 
6.2  Materials and Methods 
6.2.1 Materials 
Materials used for the preparation of catalysts and photoelectrodes have been 
listed in previous chapters. Deionized water produced from Millipore Advantage 5 
system was used when preparing all aqueous solutions. Triple junction a-Si solar cells on 
stainless steel substrates were obtained from Xunlight Corp. (Toledo, OH). 
6.2.2 Preparation of Photoelectrodes 
Previous sections have described the procedures for preparation of FTO/Cu2O 
(Section 4.2.2) FTO/Cu2O-MnSe (Section 4.2.2), FTO/Cu2O-WSex (Section 4.2.2), 
FTO/Cu2O-CoxSe-NiySe (Section 4.2.2), FTO/CuxSe (Section 3.2.2), FTO/TiO2 (Section 
2.2.2), FTO/BiVO4 (Section 5.2.2), FTO/BiVO4-CoxP (Section 5.2.2), FTO/Fe2O3 
(Section 5.2.2), FTO/Fe2O3-FeSe (Section 5.2.2), Ni5-POM (Section 2.2.2) and Co9-POM 
(Section 3.2.2). 
6.2.3 Photoelectrochemical Measurements 
Photoelectrochemical studies to measure overall water splitting were conducted in 
a two electrode setup in a 50 mL quartz beaker with an electrochemical workstation (CH 
Instruments, model 660A). The working electrode lead was connected to the photoanode, 
and the reference/counter electrode leads were connected to Pt wire (for single photo-
absorber) or the photocathode (for multiple-absorber cells). Though the term “tandem 
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cells” has been used interchangeably for multiple absorber configurations, our mode of 
cell design for current studies does not follow a typical stacked photoelectrode approach. 
In the case of multiple absorber systems for this chapter, the photoanode (or 3 jn Si) and 
photocathode were placed in a side by side configuration across the illuminated area. 
Compared to a stacked photoanode/photocathode cell, this is a simplified design and 
helps reduce light absorption losses during transmission and blocking of incident light by 
heterogeneous water oxidation and reduction co-catalysts. This is especially relevant in 
the case of configurations based on 3 jn Si coupled with heterogeneous co-catalyst based 
HER photocathodes presented in this study, where it would not be possible to transmit 
light if it was used as the front electrode in a stacked configuration. Oxygen 
measurements were conducted using a dissolved oxygen sensor (Hanna Instruments, 
Model HI9164). Experiments were performed at a scan rate of 0.020 V/s in a 0.050 M pH 
9.0 borate buffer electrolyte. Unless otherwise mentioned, the Co9-POM and Ni5-POM 
concentrations in solution were 20 M whenever they were used for tests in this chapter. 
All electrodes used had an exposed area of 1 cm2. 
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Figure 6.1 Representative scheme for solar water splitting using 3jn Si/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode] water splitting cell. 
 
6.3 Results and Discussion 
6.3.1 Photocurrent Measurements 
Overall photocurrent studies for single absorber and tandem cells were performed 
using two electrode measurements. Since the overall objective of tandem cells is to 
produce water splitting photocurrents at zero applied bias, measurements of zero bias 
photocurrents would be an effective method to compare various single absorber and 
tandem solar water splitting systems (Table. 6.1). 
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Table 6.1 Comparison of zero bias photocurrents of single absorber and tandem water 
splitting systems (conditions in Section 6.2.3). 
Photoanode Photocathode 
Zero Bias 
Photocurrent 
(mA/cm2) 
3jn Si Pt (single absorber) -0.06 
3jn Si Pt (single absorber)- Co9-POM -0.09 
3jn Si FTO/Cu2O -0.08 
3jn Si FTO/Cu2O-Co9-POM -0.14 
3jn Si FTO/Cu2O-CoxSe-NiySe -0.11 
3jn Si FTO/CuxSe-Co9-POM -0.60 
3 jn Si FTO/Cu2O-MnSe -0.37 
3jn Si FTO/Cu2O-WSex -0.18 
3jn Si-Ni5-
POM 
Pt (Single absorber) -0.34 
3jn Si-Ni5-
POM 
FTO/Cu2O-CoxSe-NiySe -1.02 
3jn Si-Ni5-
POM 
FTO/Cu2O-MnSe -3.60 
3jn Si-Ni5-
POM 
FTO/Cu2O-WSex -1.30 
FTO/BiVO4-
CoxP 
Pt (single absorber) 0 
FTO/BiVO4-
CoxP 
FTO/Cu2O-CoxSe-NiySe -0.045 
FTO/Fe2O3 Pt (single absorber) 0 
FTO/Fe2O3-
FeSe 
FTO/Cu2O-CoxSe-NiySe 
-0.03 
FTO/TiO2-
Ni5-POM 
Pt (Single absorber) -0.08 
FTO/TiO2-
Ni5-POM 
FTO/Cu2O-CoxSe-NiySe -0.16 
FTO/TiO2-
Ni5-POM 
FTO/Cu2O-WSex -0.32 
FTO/TiO2-
Ni5-POM 
FTO/Cu2O-MnSe -0.60 
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The maximum zero bias photocurrents observed for 3jn Si and metal oxide 
semiconductor photoanode based tandem cells were -3.6 mA/cm2 and -0.60 mA/cm2 for 
3jn Si/Ni5-POM [photoanode]:FTO/Cu2O-MnSe [photocathode] and FTO/TiO2/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode] based multiple absorber water splitting 
cells, and this can be seen in Figures 6.2 and 6.3 respectively. Assuming a 100% Faradaic 
efficiency, the maximum solar to hydrogen conversion efficiencies of 3jn Si/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode] and FTO/TiO2/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode]  were calculated (see Eq. 1.8, Chapter I) 
to be 4.2% and 0.73%.  Figure 6.4 provides the two electrode linear sweep 
voltammogram for overall water splitting using 3jn Si/Ni5-POM 
[Photoanode]:FTO/Cu2O-MnSe [photocathode] cell. It can be clearly observed from the 
figure that the photocurrents in duel absorber cells (Figures 6.4a and 6.4b) are 
significantly higher than that obtained by using 3jn Si as the lone light absorber (Figure 
6.4c and 6.4a). Similarly, it can be seen upon comparing the zero bias photocurrent for 
FTO/TiO2/Ni5-POM [photoanode]:FTO/Cu2O-MnSe [photocathode] cell in figure 6.3 
and the zero bias photocurrent of FTO/TiO2-Ni5-POM (Figure 2.9, Chapter II) that the 
duel absorber cell photocurrent was ~7 times higher than using FTO/TiO2-Ni5-POM as 
the lone photoelectrode. 
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Figure 6.2 Zero bias photocurrent measurements on 3jn Si/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode]. L: light irradiation, D: dark conditions. 
Conditions mentioned in Section 6.2.3. 
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Figure 6.3 Zero bias photocurrent measurements on FTO/TiO2/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode]. L: light irradiation, D: dark conditions. 
Conditions mentioned in Section 6.2.3. 
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Figure 6.4 Two-electrode photocurrent measurements on (a) 3jn Si/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode], (b) 3jn Si [photoanode]:FTO/Cu2O-
MnSe [photocathode], (c) 3jn Si/Ni5-POM [photoanode]:Pt [cathode] and (d) 3jn Si 
[photoanode]: Pt [cathode] under simulated solar irradiation. Conditions mentioned in 
Section 6.2.3. 
As explained in the Section 1.2.3.2 of the Chapter I, the high overall water 
splitting performance of duel absorber based cells could be attributed to increased solar 
energy utilization and overall generation of photo-induced charge carriers which can be 
used for solar water oxidation and water reduction. For instance, in the case of 
FTO/TiO2/Ni5-POM [photoanode]:FTO/Cu2O-MnSe [photocathode] duel absorber cell, 
TiO2 has a band gap of 3.22 eV (Figure 2.5 of Chapter II), whereas Cu2O has a band gap 
of 2.4 eV (Figure 4.1 of Chapter IV). The wide band gap of TiO2 limits its solar energy 
absorption range, though its valance and conduction band edges match the 
electrochemical potentials for water oxidation and water reduction. Despite the fact that 
Cu2O has a wider solar absorption range, it cannot oxidize water by itself since it is a p-
type semiconductor and its valence band edge does not match adequately with the water 
oxidation potential. Hence, the multiple absorber water splitting systems would be able to 
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utilize a broader region of the solar spectrum and facilitate overall water splitting when 
compared to using FTO/TiO2-Ni5-POM or Cu2O alone as photoelectrodes. 
 
Table 6.2 Zero bias photocurrent comparison 
Water splitting system Electrolyte Zero Bias 
Current 
Density 
(mA/cm2)a 
Ref. 
BiVO4 photocathode (Co-Pi 
catalyst): Cu2O photoanode 
(RuO2 catalyst), stacked 
configuration 
0.50 M Na2SO4, 
0.090 M 
KH2PO4, 0.010 
M K2HPO4, pH 
6.0. 
> -1 33 
Tandem heterostructure 
photoanode: p+n black silicon 
(Si)/SnO2 interface/W-doped 
bismuth vanadate (BiVO4)/cobalt 
phosphate (CoPi) catalyst. 
pH 7.0 
phosphate buffer 
~-0.35 161 
Cu2O/Cu2S photocathodes, 
ZnO/CdS photoanodes 
0.50 M Na2SO4 ~-0.15 
162 
Dual junction perovskite solar 
cell/hematite photoanode tandem 
cell 
1 M NaOH ~-1.8 163 
FTO/Cu2O-MnSe photocathode, 
3 jn Si photoanode, 20 M Ni5-
POM in solution. 
0.050 M pH 9.0 
Borate Buffer 
~-3.5 This 
work 
FTO/Cu2O-MnSe photocathode, 
FTO/TiO2 photoanode, 20 M 
Ni5-POM in solution. 
0.050 M pH 9.0 
Borate Buffer 
~-0.60 This 
work 
a The mathematical sign of obtained photocurrents were changed to follow ACS convention. 
These results are promising since there have been no previous studies on the use 
of polyoxometalate and metal chalcogenide based water oxidation and reduction co-
catalysts in tandem cells. Especially, the FTO/TiO2-Ni5-POM duel absorber cell has been 
developed completely using earth abundant co-catalysts and inexpensive photoelectrode 
processing techniques such as spin coating and electrodeposition. Table 6.2 compares the 
 118 
obtained zero bias photocurrents to a few highly cited or recent reports based on non-
noble metal based tandem cells. 
It can also be seen in most cases that duel absorber based systems having solution 
based polyoxometalate co-catalysts for either water oxidation or water reduction 
exhibited better overall water splitting performance than cells containing purely 
heterogeneous co-catalysts on both electrode surfaces. Increased overall resistance 
resulting from the addition of heterogenous catalysts on both photoelectrodes could be 
one of the factors causing this difference. Moreover, the use of homogenous catalysts on 
an industrial standpoint has unique advantages over heterogeneous co-catalysts, since 
stability of catalyst films in the face of prolonged gas evolution is not a factor, and it is 
more convenient to design flow systems that can replace inactivated homogenous 
catalysts. Future studies could focus on engineering stacked tandem cell designs with 
lower overall resistance, increased rates charge transfer and diffusion of homogenous 
catalysts to the electrode surface could result in higher photocurrents. 
6.3.2 Dissolved Oxygen Measurements 
O2 detection was carried out using a Clark electrode-type dissolved oxygen (DO) 
sensor during multi-potential pulse experiments. The cell was degassed with ultrapure N2 
(Airgas, Hattiesburg, MS) for 15 min prior to the start of the experiment, and was placed 
under a N2 blanket throughout the course of measurements. During measurements, the 
applied potential was stepped between 0 and 1.10 V, each for a period of 3 s. It can be 
seen from the difference between Figure 6.5a and 6.5b, c that the overall increase in 
dissolved oxygen concentration higher for the tandem cell is significantly higher than that 
using 3 jn Si/Ni5-POM as the lone light absorber. Over a period of 200 s, the maximum 
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amount of DO produced by the 3jn Si/Ni5-POM (Photoanode):FTO/Cu2O-MnSe 
(Photocathode) duel absorber cell is ~10 times higher than the 3 jn Si/Ni5-POM 
photoanode by itself. As the oxygen sensor was placed near the photoelectrode, the 
recorded DO levels should be a reflection of instant local oxygen concentrations and 
could be an over-estimation of real time values and Faradaic efficiencies (185%, 210% 
and 194% for systems in Figures 6.5a, b, and c respectively). However, the observed 
overall trends clearly confirm oxygen evolution, co-relate with observed photocurrent 
trends and indicate the superiority of non-noble metal co-catalyst based duel absorber cell 
configurations to single absorber systems. 
0 50 100 150 200
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
b
c
D
is
so
lv
e
d
 O
2
 (
p
p
m
)
Time (s)
a
 
Figure 6.5 Two electrode dissolved oxygen measurements on (a) 3jn Si/Ni5-POM 
[photoanode]:Pt [cathode]  (b) FTO/TiO2/Ni5-POM [photoanode]:FTO/Cu2O-MnSe 
[photocathode]  (c) 3jn Si/Ni5-POM [Photoanode]:FTO/Cu2O-MnSe [Photocathode]. 
Conditions mentioned in Section 6.2.3. 
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6.3.3 Stability Studies 
Multiple-potential step experiments in a typical two-electrode system were used 
to study the stability of 3jn Si/Ni5-POM [Photoanode]:FTO/Cu2O-MnSe [Photocathode] 
water splitting cell.  The applied potential was regularly shifted from 0 to 1.10 V in 5 s 
intervals for a time period of 1400 s, and responses of photocurrent were recorded. Figure 
6.6A is the plot of photocurrent density vs time under multi-potential step excitations 
from the full range of 1400 s. The high observed photocurrents caused vigorous gas 
evolution, and the noisy spikes in the observed data are due to the blocking and release of 
oxygen gas on the electrode surfaces. No major loss of catalyst coating was visibly 
observed at the end of the experiment. The true indication of change in photocurrent is 
given by Figure 6.6B, which is the zero bias photocurrent plot of 3jn Si/Ni5-POM 
[Photoanode]:FTO/Cu2O-MnSe [Photocathode] after potential pulsing, It can be seen that 
the photocurrent stabilizes at ~-3.3 mA/cm2, which is a small decrease of ~0.20 mA/cm2 
(~-6.5%) compared to that before pulsing (Figure 6.2). Considering these observations 
and the operating potentials required to split water, this system can be considered stable 
under a wide water electrolysis potential range. 
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Figure 6.6 (A) Multi-potential step stability studies of 3jn Si/Ni5-POM 
[Photoanode]:FTO/Cu2O-MnSe [Photocathode] under simulated solar light. Potentials 
applied at a. 1.10 V and b. 0 V. (B) Zero bias photocurrent plot of 3jn Si/Ni5-POM 
[Photoanode]:FTO/Cu2O-MnSe [Photocathode] after stability measurements. L: light 
irradiation, D: dark conditions. Conditions mentioned in Section 6.2.3. 
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6.4 Conclusion 
In this chapter, a variety of multiple light absorber configurations were studied 
based on non-noble metal co-catalysts discussed in the previous chapters. 
Photoelectrochemical measurements and dissolved oxygen measurements clearly showed 
that overall water splitting performance and photocurrents were higher in multiple light 
absorber systems than those of single absorber photoelectrodes. FTO/TiO2/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode] and  3jn Si/Ni5-POM 
[photoanode]:FTO/Cu2O-MnSe [photocathode] produced the maximum zero bias 
photocurrents for the multiple absorber configurations based on metal oxide 
semiconductor and 3 jn Si based  photoanode respectively. Current data are promising 
since there is limited literature on non-noble metal co-catalyst based tandem cells as of 
writing. Engineering stacked tandem cell designs with lower overall resistance, increased 
rates charge transfer and diffusion of homogenous catalysts to the electrode surface could 
be the focus of future studies. 
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CHAPTER VII . SUMMARY AND FUTURE PERSPECTIVES 
Photoelectrochemical water splitting is a safe, localized and room temperature 
technique to produce hydrogen directly from earth abundant water using solar energy. 
Water oxidation and reduction co-catalysts play an important role in decreasing onset 
potential and electron hole recombination through electron/hole capture for catalytic 
activity. Studies on non-noble metal based catalysts are essential to reduce overall 
operating costs. This dissertation studies focused on two classes of non-noble metal based 
co-catalysts viz. transition metal polyoxometalates in solution and metal chalcogenide 
based heterogenous co-catalysts 
Chapters II and III presented data on the photoelectrochemical studies of 
polyoxometalate based water oxidation and water reduction catalysts in solution.  In 
Chapter II, photoelectrochemical studies on earth abundant water oxidation catalyst Ni5-
POM in solution for solar water oxidation using spin coated FTO/TiO2-Ni5POM 
photoanodes were reported. A maximum photocurrent of -0.20 mA/cm2 at 0.70 vs 
Ag/AgCl (3.0 M KCl) was observed under illumination (1 sun) in the presence of 20 μM 
Ni5-POM (pH 9.0, 0.050M Borate buffer), and the EIS measurements provided evidence 
on the effect of catalyst in increasing electron-hole separation through hole capture and 
catalytic activity. This system is also significant considering that unbiased photocurrent 
was produced from anatase TiO2 photoelectrode under simulated solar light in presence 
of Ni5-POM. Oxygen was detected using a Clark electrode-type dissolved oxygen sensor, 
and stability studies indicated that the TiO2 film on FTO was stable even under harsh 
operating potential ranges. 
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Chapter III focused on the use of transition metal polyoxometalate based catalysts 
for solar water reduction, and provided photoelectrochemical studies on electrodeposited 
CuxSe photocathodes in the presence of nonacobalt polyoxometalate Co9-POM. Three-
electrode photocurrent measurements under dark conditions indicated a significant ~0.1 
V positive shift in electrocatalytic positive shift in water reduction upon addition of 20 
μM Co9-POM. The maximum observed current density under light illumination in the 
presence of Co9-POM was ~1.3 mA/cm
2 at -0.40 V vs Ag/AgCl (3.0 M KCl), which is 
amongst the highest reported in literature within our measured potential range. EIS 
measurements and Mott Schottky plots pointed at the effect of     Co9-POM in increasing 
electron-hole separation and charge carrier concentration through electron capture for 
HER catalytic activity. There have been no previous studies on Co9-POM and Ni5-POM 
as solution based catalysts for solar water splitting, and the use of CuxSe as a HER 
photocathode in itself was limited in literature. Considering these factors and the 
photoelectrocatalytic HER/OER performance observed, this project could lead to further 
studies in the area. 
Chapters IV and V presented data on electrodeposited heterogeneous metal 
chalcogenide based co-catalysts for solar water oxidation and water reduction. In Chapter 
IV, three transition metal selenide based water reduction catalysts viz. MnSe, WSex, and 
CoxSe-NiySe. It was seen from photocurrent measurements and SEM that catalyst 
deposition time influenced thickness and morphology, and played a role in the overall 
HER performance. A maximum photocurrent of ~2 mA/cm2 at -0.45 V vs Ag/AgCl was 
observed from FTO/Cu2O-MnSe photocathode of optimized deposition time (20 min). 
This study is significant since the HER photocurrent is amongst the highest till date in 
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this applied potential range and pH, and the use of MnSe as a co-catalyst for solar water 
reduction is limited in literature. 
In Chapter V, transition metal phosphides and selenides had been used as 
heterogenous catalysts for solar water oxidation. Two photoanodes viz FTO/Fe2O3-FeSe 
and FTO/BiVO4-CoxP were reported for PEC water oxidation. Photocurrent 
measurements on optimized photoelectrodes showed increased OER current densities due 
to catalytic activity and increased charge separation. The FTO/BiVO4-CoxP photoanodes 
produced a maximum photocurrent of -0.67 mA/cm2 at 0.70 V vs Ag/AgCl (3.0 M KCl), 
and Impedance spectroscopic studies and Mott Schottky plots indicated the effect of co-
catalysts in increasing electron-hole separation and overall charge carrier density. This 
trend was reflected in dissolved oxygen measurements, which provided definitive 
evidence of increased oxygen evolution in the presence of CoxP co-catalyst. FTO/BiVO4-
CoxP was also found to be stable in a wide operating potential window, as evidenced by 
multi-potential step stability studies. 
In Chapter VI, the photoelectrodes studied in Chapters II-V were studied in 
multiple light absorber configurations.  Photoelectrochemical measurements and 
dissolved oxygen measurements clearly showed that overall water splitting performance 
and photocurrents were higher in multiple light absorber systems than single absorber 
photoelectrodes. FTO/TiO2/Ni5-POM [photoanode]:FTO/Cu2O-MnSe [photocathode] 
and  3jn Si/Ni5-POM [photoanode]:FTO/Cu2O-MnSe [photocathode] produced zero bias 
photocurrents of -0.6 mA/cm2 and -3.6 mA/cm2, which were the maximum values 
obtained for the multiple absorber configurations based on metal oxide semiconductor 
and 3 jn Si based  photoanodes respectively in this dissertation. In addition, the unbiased 
 126 
photocurrent from 3jn Si/Ni5-POM [photoanode]:FTO/Cu2O-MnSe [photocathode] is 
also amongst the upper end of photocurrents reported from present non-noble metal based 
tandem systems reported in literature. 
Considering the higher overall tandem cell performance of polyoxometalate based 
catalysts in solution for multiple absorber PEC water splitting, future directions can 
proceed further in this direction. Moreover, the use of homogenous catalysts in solution 
could solve the problem of added resistance on the electrode surface and blocking of light 
transmission due to the presence of heterogeneous catalysts. Moving forward, studies on 
engineering stacked tandem cell designs with lower overall resistance, increased rates 
charge transfer and diffusion of homogenous catalysts could increase water splitting 
performance further. 
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